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Abstract 
A range of porous siliceous materials has been synthesised and ion-exchanged 
with various metal centres. These materials include several zeolites (A, P, X, Y, synthetic 
and natural mordenites and natural clinoptilolite) and M41S type solids. Chamcterisation 
of these materials was carried out using a variety of techniques including nitrogen 
sorption studies, powder X-ray diffraction, 29Si_ and 27 Al MAS NMR., Ff -IR, thermal 
analysis, and particle size analysis. The prepared materials were tested for 
catalytic/destruction activity towards two specific nitrogenous pollutants, hydrogen 
cyanide and nitrous oxide. 
Results from hydrogen cyanide testing show that the most active centre tested is 
copper(II) supported in a zeolite-P matrix, which reacts with HCN to form cyanogen. 
Initial studies into the removal of cyanogen using chromium and cobalt showed 
promising results for the use of cobalt supported within a zeolite-P host as a cyanogen 
remover. 
Tests into the removal of nitrous oxide showed promising results, with several 
materials showing 100% conversion of N20. Mordenite materials were found to be 
highly active towards N20, with the synthetic material only slightly more active than the 
natural analogue. No other study has investigated the activity of natural materials in this 
application; this study has shown that a high purity and uniformity of the parent 
material gives only slight advantages. Although three different transition metal centres 
(Fe, Co, Cu) were tested for activity in each support, no one metal came out as most 
active in each support, indicating that the choice of metal is dictated by the support in 
use and vice versa. The varying activity of samples under differing conditions showed 
iii 
that the choice of catalyst support and metal centre should be specifically tailored to the 
conditions of use. 
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Chapter 1 
Introduction to Specific Njtroaenous 
Atmospheric Pollutants 
Pollution is now a major woddwide problem; terms such as acid rain, global 
warming and the depletion of the ozone layer have been brought to the attention of the 
populous by the media and are now familiar to all. This should not lead us to believe, 
however, that it is a new problem; in the 131h century laws were passed in some 
European cities against the burning of coal I , and more recently in 1950's London, 
smogs are believed to have been responsible for the deaths of 4000 people in one yeaf-. 
These incidences of pollution are due to excessive use of raw materials, but it should not 
be forgotten that pollution can be suddenly released into the atmosphere, either 
intentionally, in the event of war, or unintentionally, as the result of an accident. 
1.1 Hydrogen Cyanide 
Hydrogen cyanide is an extremely poisonous, colourless liquid with a bitter-
almond odour. HCN is a solid below -14°C and boils at 2S.7°C. It is produced 
commercially by the reaction of methane with ammonia in the presence of a platinum 
catalyst. 
Major industrial uses of HCN include the production of methyl methacrylate 
and acrylonitrile, a starting compound for mous products; this process has, however, 
been replaced by another process using propylene. HCN has many other industrial uses, 
including the manufacture of plastics and several importmt cyanide compounds. The 
latter include sodium cyanide (NaCN) and potassium cyanide (KCN), both of 
1 
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importance in metallurgy. They are used in recovering gold and silver from ores. Steel is 
also hardened using N aCN. Several cyanide compounds are employed in the 
electroplating of metals such as silver, gold, copper, and platinum. A cyanide spillage 
from any of these sources could potentially result in a major incidene· 4• 
HeN is commonly included among the chemical warfare agents causing general 
poisoning, although there are no confirmed uses of HeN on the battlefield. Reports 
that HeN was used by Itaq in the war against Iran and against the Kurds in northem 
Itaq during the 1980's are unsubstantiated. It is known that a form of HeN (Zyklon B) 
was used in the Nazi gas chambers during the Second World War, both as an insecticide 
and as an instrument of genocide. The high volatility of HeN makes it difficult to use in 
warfare since there are difficulties in achieving sufficiendy high concentOltions outdoors. 
On the other hand, the concentOltion of hydrogen cyanide may rapidly reach lethal 
levels if it is released in confined spaces. 
A few mjJJjgnms of HeN and related cyanides can be rapidly fatal to humans, 
acting by blocking the ability of cells to use oxygen. The final step of respitation is 
blocked by irreversible cootdination of cyanide to the metal centres. This effectively 
inhibits the small amount of enzymatic cytochrome c oxidase, which contains iron and 
is required for respiration. The most important route of poisoning is through inhalation, 
although both gaseous and liquid hydrogen cyanide, as wen as cyanide salts in solution, 
can also be taken up through the skin. 
Symptoms of cyanide poisoning vary and depend on various factors including. 
route of poisoning, total dose and exposure time. If hydrogen cyanide has been inhaled, 
the initial symptoms are restlessness and increased respiratory tate. Other early 
symptoms are giddiness, headache, palpitations and respiratory difficulty. Vomiting. 
convulsions, respiratory failure and unconsciousness fonow. If the poisoning occurs 
2 
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rapidly, usually as a result of extremely high concenttations in the air, there is no time 
for symptoms to develop and exposed persons may suddenly collapse and die. 
The treatment usually given to a poisoned person is based on encouraging and 
speeding-up the body's own ability to excrete cyanide and to bind cyanide in the blood. 
The enzyme rhodanese is present in the body, mainly in the Jiver, and together with 
sulphur transforms cyanide into thiocyanate, which is passed out in the urine. By 
supplying sulphur in the form of sodium thiosulphate (Na:zS20~ the rate of 
detoxification can be increased The cyanide ion has high affinity for trivalent iron (Fe3). 
The divalent iron in haemoglobin can be oxidized to trivalent, which leads to the 
formation of methaemoglobin, which binds cyanide ions. The formation of 
methaemoglobin can be stimulated by supplying sodium nitrite (NaNO~ or 
dimethylaminophenol (DMAP). 
Although death can be prevented with rapid treatment, it is definitely better to 
avoid the poisoning of the lungs in the first p1ace. As a result respirators are found in 
areas where HeN may be released. Respirators in current use vary from area to area but 
usually contain two parts; first comes a particu1ate filter to reduce the deposition of 
debris on to the second portion; a catalytically active phase (usually a modified activated 
carbon). 
1.2 Nitrogen Oxides 
Over recent years worldwide concem has been raised over the production of 
nitrogen oxides (NOx) from high tempetature combustion in mobile and stationary 
sources such as automobile engines and power stations 5. Although these gases are 
naturally present in the atmosphere (from sources such as lightning, volcanic activity 
3 
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and the burning of biomass), the human contribution now vasdy outweighs the amount 
produced by these natural sources. 
The natural sources of NOx and other greenhouse gases (carbon dioxide for 
example) have kept the Earth at a temperate 15.5°e on average, by trapping a portion of 
the solar energy and reflecting it back to Earth. With the increased concentration of 
such gases in the atmosphere, the percentage of energy reflected back to the Earth has 
increased proportionally. This has brought with it an increase of 1°e in the mean surface 
temperature of the Earth over the past century, and this in tum, has lead to an increase 
in sea level by 10-25 em 6. NOx gases are also blamed in part for the destruction of the 
ozone layer, which protects the Earth from ultraviolet rays. 
1.2.1 Nitrogen Dioxide and Nitric Oxide 
Both nitric oxide (NO) and nitrogen dioxide (NO,) are produced thermally at 
high temperatures as shown in Equation 1.1; this heat may be provided naturally, for 
example by lightning, or may be anthropogenic, such as combustion of fossil fuels either 
in stationary sources such as power stations or in mobile sources such as the internal 
combustion engine'. 
EquedOll U 
This problem is exacetbated by the &ct that NO reacts with stratospheric ozone, 
Equation 1.2, thereby depleting the ozone layers. 
4 
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Equation 1.2 
NO can also lead to the production of ozone (which at ground levd is toxic and 
a major component of smogJ as shown in Equation 1.3 
N02 + Iw - NO + 0 
Equation 1.3 
Not only do both NO and N02 act as greenhouse gases, they can also both 
react with water in the atmosphere to produce nitrous and nitric acids, as shown in 
Equation 1.4, both being major components of acid rain9• As well as attacking limestone, 
marble and metals, acid rain is hazardous to health. It damages plants by interfering with 
nitrogen fixation and exttacts nutrients &om leaves. Acidic water kills fish and other 
pond-life and the resulting Al3+ in the water, leached &om lake sediment also kills fish 
and damages the roots of trees 10. 
Equation 1.4 
s 
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1.2.2 Nitrous Oxide 
Nitrous Oxide (NP), also known as laughing gas, is a weak anaesthetic gas that 
has been used since the late 1Sth century, and is still used occasionally in dentistry. It is 
also used in the dairy industry as a mixing and foaming agent as it is non-flammable, 
bacteriostatic and leaves no taste or odour. It is formed biologically and, due to its 
stability, is the most abundant NOx species in the atmosphetel1 • 
N20 has only recently been considered an environmental pollutantl2, 13 (having 
for the past few decades been overshadowed by NO and NO~ and is now known to 
contribute to atmospheric ozone destruction14• 15 via conversion to NO (Equation 1.5) as 
well as being a greenhouse gas with an atmospheric 1ifetime that is estimated to be 150 
years13 (290 times that of CO2,) 16 
Equation 1.5 
Nitrous oxide is a component of stationary and mobile combustion exhausts 
and is also present in the emissions of various chemical processes, such as the 
production of nitric and adipic acids17• The human contribution to yearly nitrous oxide 
emissions is estimated to be between 4 and 7 miUion tons, approximately 30 - 40% of 
the total world emissions, rising by 0.2 - 0.3% pet annum18• This human contribution 
has led to an imbalance between the global somces and sinks of N20, and a reduction 
of 70 - 80% in human emissions is required to merely stabilise the atmospheric 
concentration at the present level. In fact, NP emissions are the third 1a:rgest human 
6 
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contribution to greenhouse gases after CO2 and CH4 19. Over a 100 year timescale 
nitrous oxide is approximately 310 times more effective per kg than CO2 at trapping 
heat within the earth's atmosphere. It is also responsible in part for stratospheric ozone 
destruction as it is broken down by photolysis and oxidation, starting a chain reaction 
which results in the destruction of ozone.20 
1 . .1 Reducdon of NO x Emissions 
As combustion is the greatest source of NOx the vast majority of control 
measures address this problem. There are a number of means of controlling NOx 
emissions, which fall broadly into two categories; it is possible to reduce the amount of 
NOx initially produced (primary methods) or to destroy the NOx once it has been 
produced (secondary methods). 
1.3.1 Mobile Sources 
For mobile soun:es there is only one primary method available; that of altering 
the design of the internal combustion engine such that the temperature of combustion is 
lowered, hence avoiding the high temperatures required for NOx production21• It is 
possible to do this by injecting a portion of the exhaust gases back into the combustion 
chamber or altering the fuel : air ratio such that the mixture is slightly richer, 1eading to 
lower combustion temperatures. 
There is also only one viable secondary measure for mobile NOx SOUlCes; the 
three way catalytic converter. This is a non-selective catalytic reduction (NSCR) method 
in which the NOx produced by the vehicle are passed over a rhodium / platinum 
catalyst and reduced to nitrogen by hydrocarbons, cubon monoxide and / or hydrogen 
present in the exhaust stream22•23 , as shown in Equation 1.6, with methane as the 
7 
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reducing gas. The oxygen is used to oxidize any carbon monoxide or unbumt 
hydrocarbons in the exhaust gas to carbon dioxide and water. 
Equation 1.6 
1.3.2 Stationary Sources 
There are fewer physical restrictions placed upon the control measures used by 
stationary sources of NO", as size does not have to be kept to a minimum, and gases for 
reduction can be stored more easily; hence there are more ways of dealing with N Ox 
production at stationary sowx:es_ As with.. mobile sowx:es,. primal:y measures aim. to 
either lower the reaction temperature, usually by injecting a portion of the exhaust gas 
back into the reaction chamber, or lessen the amount of time that the fuel spends in the 
reaction char:nber, such that less NOx is produced. An alternative method is to decrease 
the amount of air in the combustion chamber such that the fonnation of N2 is 
promoted. 1ms method unfortunately has the drawback that there is an increase in the 
amount of.catbonmonoxide.produced. 
It is possible to remove the NOx by "scrubbing" the exhaust gas. This technique 
uses either an adsorptive solid or liquid to remove the NOv producing a contaminated 
material whichthen.mus.t be dealt witb.at.a.latcrtime.in.amore controDed..env.:ironment. 
This technique involves relatively major changes to the plant and so is usually not 
economically favourable. 
8 
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There are three main categories of post-combustion measures which actively 
destroy the NOx. all of which involve reduction of NOx to N2 and either O2 or water. 
This reduction may be catalytic or non-catalytic, selective or non-selective. 
The least efficient of these methods is selective non-catalytic reduction (SNCR), 
where most commonly, urea or ammonia is introduced to the reaction chamber at 
temperatures in the region of 850 - 10500C causing the reduction of NOx to N2 and 
H20 as shown in Equation 1.7 
BquMiOll L7 
The inefficiency in this process arises &om the high temperatures required for the 
reduction to take place, the narrow temperature range over which this reaction will take 
place efficiendy and also the large quantities of reductant that are needed. 
An improvement upon SNCR is found in non-selective catalytic reduction 
(NSCR), where both a catalyst and reducing agent are used. In this process a reductant 
is added in excess to the flue gas to react with any 02> and is then passed over a metal 
catalyst which reduces any NOx present to N2 and either O2 or H20 (depending upon 
the reductant used). The drawback of this process is that all components of the exhaust 
gas mixture are reduced, including CO2 to CO, and large quantities of reductmt must 
therefore be used. 
The most favourable method of removing NOx &om stationary sources is that 
of selective catalytic reduction (SCR)24. In this process the NOx-containing exhaust gas 
is passed over a catalyst bed with a reductant such as ammonia or hydrocarbons at 
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temperatures ranging from about 150 - 500OC, the NOx being reduced to N2 and H 20 
or CO2 depending upon the reductant used. As with SNCR and NSCR, Iat:ge quantities 
of reductant need to be used to prevent incomplete reduction. The catalyst itself also 
gives operating problems; it can be poisoned by sulphur compounds present in the 
exhaust gases, or its surface may be blocked by particulate matter from the flue gas 
mixture25• The latter can be remedied by using a particulate filter. It is unfortunately 
common for SCR catalysts to produce N 20 as a product and so many of the SCR 
catalysts eutrently in use actually increase the concentration of N 20 in the exhaust 
stream. 
1.4 Aims of this Research 
The overall objective of this study was to find a cheap and effective catalyst for 
the removal of atmospheric pollutants, particularly hydrogen cyanide and nitrous oxide 
(N20). A catalyst with a high surface area is preferred, as the reactions take place at the 
solid-gas interface. The support is also required to have a high ion-excbange capacity to 
maximise the incorporation of catalytically active metal centres. For these reasons 
zeolites and mesoporous aluminosilicates have been chosen as the support materials. 
Their porous nature results in a high surface area and the high negative charge on the 
surface of zeolites results in a high ion-exchange capacity. Although mesoporous 
materials do not have such a high ion-exchange capacity, it is possible to incorporate 
cata1yticaDy active centres within the pore walts as discussed in Chapter Z. Activated 
carbons have been extensively studied for the removal of hydrogen cyanide, whilst 
zeolites and other siliceous supports have been widely ignored. For the hydrogen 
cyanide studies a wide tange of metal centres were used, whilst iron, cobalt and copper 
have been selected as the metal centres for the de-NOx studies. These metals have been 
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proven to be active centres for the reduction of NO and NO/6 • 29and are relatively 
cheap when compared to noble metals such as platinum and rhodium which are 
frequently used3O, 31. 
There have been many studies on the reduction of NOx (particularly NO and 
NO~ but these studies are very difficult to compare, as the tests have an been carried 
out under vaty1ng conditions; for example, varying reductants, gas stream compositions, 
flow rates and reaction temperatures have an been used32, 33. For this reason a wide range 
of supports has been studied under similar variable conditions to give some quantitative 
comparison of the activity of various catalyst supports and ion-centres for N P 
decomposition. Methane has previously been proven to be a suitable reductant for the 
decomposition of N20 Yt, whilst also giving the advantage that two greenhouse gases are 
removed in one go. 
tt 
Hazel Rudge-Pickard Cltaptcr 1. Nitrogenous Pollutants 
1 Bowker, M "The basis and applications of heterogeneous catalysis"; 1" Edition, Oxford University 
Press, Oxford, 1998. 
2 Brimblecombe, P. Ntlll Sci. (l1lSide Scit,,"), 2002, 150, 1 - 4. 
3 News Article]. EminJn. Mo1lit., 2000,2, 28N. 
4 Lam, k. K and Lau, F. L. Alii.]. Elling. Mtd., 2000, 18, 172 - 175. 
5-Varga.,J.; Hal:Isz,J. and Kiricsi, I. E"viron. Po/IML, ~ 102,691 - 695. 
6 "Qimate Cltange 1995: Second Assessment Report for the intergovemmental panel on climate change, 
UNEP and WMO", Cambridge University Press, Cambridge, 1996. 
7 Ciambelli, P.; Cotho, P. and Migiiardini, F. CtII4i. T~, 2000, 59, 279 - 286. 
8 Pirvulescu, V. I.; Grange, P. and Delmon, B. Cara!. T~, 1998,46,233 - 316. 
9 Willi, R; Maciejewski, M; Gobel, U.; KOppel, R. A. and Baiker, A]. CtII4i., 1997, 166, 356 - 367. 
10 Umland, J. B. "General Cltemistty" 1" Edition, West Publishing Company, Minneapolis, 1993, . 
11 Centi, G. and Pemthoner, S. App!. uta/. A: Gm., 1995, 132, 179 - 259. 
12 News Article]. E",iffJ1r. Mo7liL, 2000, 2, 28N. 
13 Kapteijn, F.; Rodriguez-MirasoI,J.andMoulijn,]. App!. C4IaJ. B: E",iro1r., 1996, 9, 25 - 64. 
14 Pophal, C.; Yogo, T.; Yamada, K and Segawa, K App!. CtII4i. B: E"viro1r., 1998, 16, 177 -186. 
15 Mauvezin, M.; Delahay, G.; Coq, B. and Kieger, S. Appl CtII4i. B: E"tiron., 1999,23, L 79 - L82. 
16 Kannan, S. Appl. C/4y Sci. 1998, 13, 347 - 362. 
17 Rauscher, M; Kesore, K; MOnnig, R.; Schwieger, W.; TillIer, A. and Turek, T. App!. C4IaJ. A: Gm., 
1999, 184, 249 - 256. 
It da Cruz, R. S.; Mascarenhas, A]. S. and Andmde, H. M C. Appl. C4IaJ. B: E"liffJ1r., 1998, 18, 223 - 231. 
19 van den Brink, R. W.; Booneveld, S.; Pels,]. R.; Bakker, D. F. and Vedtaak, M]. F. M Appl. CtII4i. B: 
EminJn., 2001, 32, 73 - 81. 
:Ill Centi, G.; Galli, A.; Montanari, B.; Pelllthoner, S. and Vaccari, A CtII4i. T~,I997, 35, 113 -120. 
21 Tang,].; Zhang, T.; Liang, D.; Yang, H.; Ii, N. and Lin, L. Appl. CtII4i. B: EminJ1r., 2002, J6, 1-7. 
22 Diaz, G.; Perez-Hemindez, R.; G6mez-CortCs, A; Benaissa, B.; Mariscal, R. and Pierro,]. L. G. ,. 
CtII4i.,I999, 187, 1-14. 
23 Traa, Y.; BUlger, B. and Weitkamp,]. Mk1VjxJr. MlsuptJr. M41., 1999,30, (4),3 - 41. 
:u Kieger, S.; Delahay, G. and Coq, B. AlP!. CtII4i. B: E1fIiro1l., 2000, 25, 1 - 9. 
25 Heck, R. M CIIIIII. Todtg, 1999,53, 519 - 523. 
2£ Guzman-Vargas, A.; Delahay, G. and Ceq, B.Appi. CtII4i. B: E"';nJ1r., 2003, 42, 369 - 379. 
27 Shichi, A.; Satsuma, A.; Iwase, M; Shimizu, K; Komai. S. and Hattori, T. AppI. C4IaJ. B: EII";"1r., 1998, 
17, 107 -113. 
28 BlllOS-Garcia, P.; Santamarla-Gonz8lez, j.; Maireies-Torres, P.; Rodriguez-Castcll6n, E. and ]imenez-
LOpez, A Grrm Che1ll., 7001, 289 - 295. 
19 Clten, H. Y.; Wang, X. and Sachller, W. M H. Pllys. Chilli. Cht1ll. PItJs., 2000,2, 3083 - 3090. 
12 
Hazel Rudge-Pickani Chapter 1. Nitrogenous PoHutants 
30 Vemoux, P.j Leinekugel-Le-Cocq, A. and Gaillard, F.]. CaraI.., 7003, 219, 241 - 251. 
31 Kondtatenko, E. and Perez-Ramirez, J. CaraI.. Lett., 2003, 91, 211 - 216. 
32 Teraoka, Y.j Furukawa, H. and Moriguchi, 1. St1Iti. SII1j. Sci. Cata!., 2003, 145,231- 234. 
33 Shimokawabe, M.j Okumura, K. and Takezawa, N. St1Iri. SIIIj. Sci. CaraI.., 2003, 145, 221 - 230. 
J.4 Haneda, M.j Shinriki, M.j Nagao, Y.j Kintaichi, Y. and Hamada, H. B1III.Chtm.J0&.]J»t., 2003,76,2329-
2333. 
1"3 
Hazel Rudge-Pickard Chapter 2. Catalyst materials 
Chapter 2 
Introduction to Porous Catalyst Materials 
This chapter aims to give a peral introduction to porous materials, tn 
particular, zeolites and M41 S materials. The properties and structure of these materials 
are discussed, and in the case of M41 S materials, various synthetic routes are considered. 
Also discussed are some of the current uses of the materials. 
2.1 Porosity and Catalysis 
A substantial portion of fine chemical production is dependent in one way or 
another, upon high sutface area Al-Si mixed oxides or zeolites, either as catalysts 
themselves or as catalyst supports. Catalysis has been a significattt area of chemical 
research for a great many years. Homogeneous catalysis, where the reactants and the 
catalyst are present in the same state (usually in solution), poses problems when 
separating the product from the catalyst, as a simple and cheap filtration method cannot 
be employed. With tn.ditional heterogeneous catalysis (the catalyst present iA a- state 
different from that of the reactants) separation is simple, as the catalyst is present as, for 
example, a solid. Only solid that is exposed to the substrate can present a catalytic site; 
by increasing the surface area of a solid we io.ctease the num~ of active sites present. 
The corollaq to this is that the specific surface area (the sutface area per unit mass) of a 
solid is very important in catalysis. One way to increase the specific surface area is to 
pulverise the solid. Unfortunately, a vety fine powder becomes a suspensioa in either 
liquids or gases, making it difficult to separate the product from the catalyst, and, in the 
case of a gaseous product, the suspension can provide substantial resistance to the 
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passage of the gas. Making the solid porous means that larger particle sizes can be used, 
resulting in easier separation of reactants and catalyst and in free flow of gases through 
the catalyst, while exposing a large surface area for reaction. This approach avoids the 
main drawbacks of both traditional heterogeneous and homogeneous catalysts. 
Porous solids may be formed in many ways (in fact it is difficult to prepare a 
solid which is not porous), for example by the aggregation of a powder or the removal 
of some part of an original non-porous solid. An example of the latter is the preparation 
of the Raney-Nickel catalyst, in which a nickel / aluminium alloy is treated with sodium 
hydroxide to selectively dissolve the aluminium. and leave finely divided nickel. 
Three classes of pore size are defined; micropores, mesopores and macropores, 
as shown in Table 2.1; the pore width is defined as the distance between two walls in 
slit-shaped pores or the diameter of the pore in cylindrical pores.! These classifications 
are dependent upon adsorption effects, hence it is possible that a solid will appear to be 
microporous with one adsoroent and mesoporous with another (see later discussion on 
sorption isotherms, Chapter 3). 
Table 2.1 Pore _ize e._ffie.do •• adopted by IUPAO 
Oass Pore Width / 1 
Micropores <20 
Mesopores 20-500 
Macropores >500 
The question "When does an extemal intrusion into the main body of the 
particle become an internal pore?" arises. It is generally agreed that the walls of pores or 
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cavities that are deeper than they are wide are classed as internal and those that are 
wider than they are deep are external. Many pores are isolated and completely 
surrounded by solid (closed pores), others may be connected to the external surface by a 
small channel With such surfaces it is difficult to decide whether they are internal or 
external features. Internal pores are usually classed as those cavities with connection to 
the exterior, rather than those that are completely sealed off, as the latter cannot be 
accessed and are therefore useless for catalytic and adsorption activity, although they 
influence macroscopic properties of the solid such as its bulk density. 
Internal pores are sub-divided into several classes as shown in Figure 2.1. Pores 
may be a) - "through pores"; a tunnel connecting surface to surface; b) -
"interconnected pores"; pores which connect with other pores; and c) - "blind pores" ; 
pores with only a single connection to the surface, 
(a) Through 
C?:~ 
(b) Interconnected 
Figure 2.1 Internal pole classifications 
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2.2 The Importance of Sorption 
The fitst commercial production of sorbents came as a response to the use of 
gas attacks in World War 1. The sorbent used in the gas masks was produced from 
coconut shells; these were crushed, heated and then activated via oxidation to produce 
the material known as activated carbon3• Although granular activated carbon is stitt used 
for many appJications, the production method has been refined; research has shown 
more efficient sorbents and more selective production techniques. Over the past 30 
years the range of soroents has increased dramatica11y. Activated carbon is stiH a very 
popular adsorbent and is used in present day respirators. 
Military estabJishments are still major users of sorbents today, uses ranging from 
small personal gas masks, to those used in tanks and ships, through to air 6lters used in 
military buildings. There are also many civilian uses for sorbents such as the removal of 
noxious gases from air supplies to factories and offices and also the removal of waste 
products, such as ammonia from farms. Adsorbents are used on a large scale as 
desiccants, catalysts or catalyst supports, in gas separation and decontamination, in the 
purification of liquids and for the control of pollution. 
Activated carbon, while good as a general purpose adsorbent, may not be the 
optimum sorbent for all situations. Although granular activated carbons have a high 
specific surface area (approximately 1000 m2g.1),4 they need to be impregnated with 
metal salts or organic compounds to increase their catalytic and adsorption potential 
Impregnation lowers the surface area of the carbon, and hence lowers the number of 
active sites available for adsorption of vapours. 
11 
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2.3 Activated Carbons 
As stated previously, activated charcoals have been used for sorption processes 
for many years. These solids are made up of tandomly stacked graphite microcrystallites; 
leading to inter-crystallite spaces which give a highly porous structure and a high surface 
area, usually greater than 700 m2 g-I 4. The pore structure varies from sample to sample, 
but is usually microporous in characterS, depending on the nature of pyrolysis, the 
activation processes and also the structure of the preClUSor. Many precursors are used; 
natural precursors include wood, coal, lignite6 and nutshells, while man-made preClUSors 
are mainly polymers of various types, depending upon the final use of the carbon. 
Synthetic preClUSOrs can include polymers such as amberlite, or phenolic resins. 
Activated carbons are generally hydrophobic due to the non-polar nature of the 
surface. Contrary to expectation, the adsorption activity of activated carbons is strongly 
influenced by the presence of high concentrations of water. This is because the 
concentration of water in air is usually SO much greater than the concentration of the 
noxious gas that requires removal. Adsorption of water reduces the number of 
adsorption sites available for the noxious gases, degrading the perfonnance of the 
activated carbon. Certain species, (with higher energies of adsorption than water) can 
displace water, but the rate of gas adsorption is reduced Adsorption of water also 
causes other problems; water vapour causes ageing of the sample itself, because the 
increase in the polar nature of the solid due to water adsorption accelerates the 
adsorption of further layers of water on the surface, thereby decreasing the number of 
adsorption sites even more rapidly. 
The fo[D.l in which the adsorbent is used affects its sorption properties. In 
respirators and filter beds activated carbon is used in a granular form rather than a 
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powder because the pressure drop across a powder bed is too severe. However, 
adsorption increases with decreasing grain size and so a balance must be found between 
increasing the grain size (minimising the pressure drop) and decreasing the grain size 
(increasing the tate and amount of adsorption). 
Activated carbons generally cannot adsorb gases (a substance that exists in the 
gaseous state at standard temperature and pressure) to the same degree as vapours3 (a 
volatile phase of a substance that exists as a solid or liquid under standard conditions). 
Vapours are usually physisorbed on to activated carbons, although chemisorption and 
capillary condensation can playa small part. To increase the part that chemisorption can 
play, impregnants can be added to the carbon\ or different carbonaceous precursors can 
be used containing the required group, such as -N~ or -S03H. This impregnation 
inevitably causes the loss of non-specific adsorption sites, and so again a balance must 
be found. 
Z.4 Microporous Solids 
Microporous materials are commonly used for catalysis and sorption because 
their microstructures give latge intemal surface areas, which can in turn enhance 
catalytic activity and adsorptive capacity. Owing to the small pore size they can also 
increase the selectivity of reactions. Microporous solids usually have a high degree of 
crystallinity with a regular array of unidimensional pores. They are sub-divided into 
several classes, the most populous of which is the molecular sieves. 
The most common microporous molecular sieves are the zeolites, which are 
highly crystalline ftamework aluminosilicates. These materials have sprung to 
prominence in the chemical industry over the past century, from little known geological 
entities to indispensable materials for sorption and catalysis7,1,9. Since their discovery in 
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1756 by Cronstedt, over 40 different zeolites have been found in nature. It is interesting 
to note that every zeolite that has been produced in the laboratory has a natural 
analogue, although it is often the case that the zeolite was synthesised long before the 
natural analogue was discovered; for example, mutinaite, the natural analogue ofZSM-5, 
was recendy found in the Antarctic1o• 
The general fonnula for a zeolite unit cell is shown below, where M is a cation 
of valence II. 
Equadon2.1 
Zeolites are fonned by [SiO"t and [AlO,,]5- tetrahedral units sharing comer 
oxygens. Introduction of an overall negative surface charge from the Alot units 
requires the incorporation of counter ions (M), for example Na+, K+ and Ca2+ to ensure 
that charge balance is maintained. These exchangeable metal cations are located in the 
cavities along with guest molecules (nonnally water). 
The tetrahedra link together to form rings; four tetrahedra linked together fonn 
a 4-ring, six linked tetrahedra fonn a 6-ring etc., as shown in Figure 22 
o 
a) b) 
Figure 2.2 a) The 11l'UctuIe of a 6-dog, (the rado ancl poeidonl of AI and 51 whbia the ring "&If 
depenclfag upon the zeoUte). b) The ,hort-bud notation for • 6-dog. 
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These rings are often linked to one-another, forming the secondary building 
units (SBU's) of which the sodalite unit, shown in Figure 2.3, is an example. 
Figure 2.3 The IOdalite unit. 
The sodalite unit is a truncated octahedron and the packing of these and other 
units leads to the large cavities found in many zeolite structures in which sotption and 
catalysis take place. 
Many zeolites are in commercial use, probably the most well known being ZSM-
5 11 ,12 13 (Zeolite Secony Mobil); this has many uses, several of which are selective 
oxidation reactions. The majority of the zeolites used by industry are synthetic, as in 
nature very few types (hculandite, elinoptilolite and mordcnitc) ate found in mincable 
quantities. The inhomogeneous character of natural zeolites has restricted their range of 
application even further. 
A large part of the catalytic activity shown by zeolites is due to the acidity 
associated with AlO t tetrahedra. These sites are positioned both within the pore and 
on the external sutfaee. The acidity of zeolites can be tailored to a particular application; 
both the number and type of acid sites (Lewis or Br0nsted) can be selected 
Another reason why zeolites have found many industrial applications is their 
cation exchange capacity. Zeolites can serve as a host, providing highly dispersed cations 
in various environmcnts. The zeolitc structure may be thought of as a complex ligand 
surrounding cations in various positions within the structure, and hence not only the 
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number of cation exchange sites but also the location of these sites within the zeolite is 
important in determio1ng the catalytic activity of the solid The environment of cations 
in each of the possible cation positions will be affected by the temperature and / or 
degree of hydration of the solid14. 
The effects of altering the silicon : ablmioium ratio can be snmmarised very 
simply; increasing the silicon : aluminium ratio will lead to an increase in the acid 
resistance of the solid, an increase in the theanal stability, and the hydrophobicity, and a 
decrease in the cation content. 
Zeolites are often used because of their ability to select the product formed. .As 
the pore size is so small (5 - 12 A), reactions that would normally give two products 
may only give one; one of the transition states may be too large to fit into the pore 
(transition-state shape selectivity) or one reactant from a reactant mixture may be too 
big to pass through the pore of a zeolite and hence cannot take part in any subsequent 
reaction (reactant shape selectivity). Alternatively, one product may not be able to 
diffuse out of the zeolitic cavity and hence only one compound is produced (product 
shape selectivity), a conceptual example of this being shown in Figure 2.4. 
Figure 2.4 An example of product lhape lelectirity in zeoHtaU• 
Zeolites have specific surface areas in the range of 200-800 m2 g.l; this large 
surface area has led to the family being used for sorption in many applications, for 
example the removal of noxious gases from factories and the removal of gases such as 
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ammorua from chicken and pg farms. Industrially, zeolites are used in many 
applications, such as drying agents for solvents and natw:al gas, molecular sieves for 
separation of various gases from gas mixtures (or liquids from liquid mixtures), in water 
softeners, and as catalysts for a variety of oxidation reactions. There are certain 
industr.ia1 applications for which it would appear that zeolites are particularly well suited, 
(for example ion-exchangers), but zeolites are unstable in low pH environments. 
Zeolites with high .AI content in the framework are easily destroyed at low pH because 
Al is leached by acid. The pH limit of such zeolites is considered to be between 3 and 4. 
Higher Si content zeolites are much more resistant to acid attack, with some able to 
withstand concentrated acids for extended periods of time. 
The gap between micro- and mesoporous solids is being bridged by the 
production of Ultta-Large Pore (ULP) zeolites. These take the possible pore diameters 
of zeolites up to approximately 17 N6. This increase in pore diameters has led to many 
more applications for zeolite catalysis as larp;er reagents can fit into the pores17• 18, 19. 
2.4.1 Clinoptilolite 
Several zeolites are used in this study, one of which is clinoptilolite. Although 
this can be synthesised (by a hydrothermal reaction of calcined kaolin, amruphous silica 
and water2<), it is readily available from many natw:al sources and hence it is much 
cheaper than purely synthetic types. Clinoptilolite has the heulandite (HEU) topology, 
which is made up of sheets joined by widely spaced bonds giving rise to a ten-member 
ring channel pore system and 8-member ring cross-channels, this structure is shown in 
Figure 2.5. 
Clinoptilolite and heulandite itself are very similar, the major difference being 
the higher Si : .AI ratio in clinoptilolite; clinoptilolite is genetally considered to have 
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Sil AI > 4, whereas in heulandite Sil AI < 4. Heulandite has not found as many uses as 
clinoptilolite due to its lower thennal stability; it undergoes structural collapse at 350°C, 
whereas clinoptilolite is stable to T > 500°C, leading to its use in high temperature 
reactors. Clinoptilolite is also stable in acidic conditions; it has been shown to retain its 
crystal habit after being exposed to HNO,(aq) (8 mol dm·3) for six months 21 . One 
interesting feature of clinoptilolite is that it has a high affinity for N2 and 02' whereas 
most zeolites will preferentially adsorb hydrocarbons. 
The counter-ions (and relative proportions of the counter-ions) found in 
clinoptilolite, vary from source to source; common cations include calcium, potassium 
and magnesium. During ion exchange, clinoptilolite exchanges cations held in its 
aluminosilicate framework with cations present in the external solution22,23. Metal uptake 
increases with temperature,24 the higher the temperature of ion exchange the faster is the 
exchange. For kinetic reasons, a smaller grain size allows a greater degree of ion 
exchange to occur when the contact time is lo~. 
The unit cell fonnula for the natural clinoptilolite used in this study is as shown 
below. 
Equation 2.2 The Ioanula for natural cliooptiJoHte (aod odoerai impuridea) 
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Figure 2.5 The structure of clinoptilolite shown along the [OOlJ projection30 
Clinoptilolite has a high affinity for caesium and other heavy metals, such as 
strontium, and is therefore often used to remove Cs and Sr from radioactive waste. 
Other uses of clinoptilolite include fertilisers, waste water cleansing, gas separation, 
animal health and nutrition, construction materials and deodorization26• 
2.4.2 Mordenite 
Mordenite (MOR) is the most siliceous of the common natural zeolites, with a 
Si : AI ratio of approximately 5. In this work both a synthetic and a natural mordenite 
have been used, the compositions of these materials being shown in Equation 2.3 and 
Equation 2.4 respectively. 
Equation 2.3 The composition of synthetic mordenite 
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Equation 2.4 The composition of natwal mordenite 
There are two types of channels found in MOR; there are straight 12-ring pore 
channels which are intersected by perpendicular 8-ring channels. The structure of 
mordenite is based upon the 5-1 secondary building unit and is illustrated in Figure 2.6. 
Figure 2.6 The structwe of mordenite shown along the [001] projection30 
Mordenite has a high degree of thermal stability; this is most probably due to the 
high number of 5-rings, which are favoured energetically. It also has a high degree of 
acid stability, which results in its use as an adsorbent in gas streams where N02, S02 or 
HCl need to be removed. Mordenite has been shown to retain its integrity after 6 
months exposure to HN03(aq) (8 mol dm-3)21. Mordenite is also used to remove 
caesium from radioactive waste water and as a hydrocracking catalyst, which produces 
petrochemical feedstocks and diesel fuels from heavy and residual gas oils_ 
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2.4.3 Zeolite-P 
Although clinoptilolite and mordenite are the only natural zeolites used in this 
work, several synthetic zeolites were also studied. One of these is zeolite-P synthesised 
by Ineos Silicas. It is commonly known as zeolite MAP (Maximum Aluminium zeolite-
P) because of its silicon: aluminium ratio being 1:1. This zeolite is commonly used by 
industry as one of the major ingredients in some washing powders, where it is used as a 
"builder", a substance that improves the action of the surfactant on the clothes by 
removing "hard" ions such as calcium from the water and replacing them with sodium. 
Builders also provide a surface onto which dyes and other matter can be adsorbed. 
Zeolite-P has a flexible framework of the gismondine (GIS) topology shown in 
Figure 2.7. This structure is unusual amongst zeolites in that it does not have cages or 
cavities, but simply has eight-member ring channels formed by chain linkage. The 
polysilicate anion, which forms the building block of the gismondine topology, is known 
as the double crankshaft. 
Figure 2.7 The structure of zeolite-P shown along the [10~ projection.lO 
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The channels found in zeolite-P contain exchangeable cations and water 
molecules. These water molecules are much more strongly bound to the framework 
than in a typical zeolite, with bonding similar to that found in a salt hydrate. When 
zeolite-P is dehydrated the crystal framework shrinks and, conversely, when it is 
rehydrated the crystal framework expands, leading to a large hysteresis in the water 
adsorption isotherm27• The flexible framework results in very slow adsorption of water, 
even at high humidities, which makes it ideal for use in high humidity environments. 
This is potentially very useful in respitators, as the high water content of breath makes it 
difficult for many adsorbents to work over long periods of time (as the water molecules 
are adsorbed they "fill up" the adsorption sites); as with activated carbons, water 
sorption increases the rate of deactivation by increasing the polarity of the surface. 
Zeolite-P has a large ion exchange capacity due to its composition, the high 
aluminium content resulting in a large negative charge on the framework and hence a 
high theoretical cation exchange capacity. Both 29Si and 27.AI NMR spectta indicate that 
all the aluminium is located in the framework, with no extra-framework species2\ 
spectra also show that both are evenly distributed, as would be expected from 
Loewenstein's rule28 (which states that an [AlO.t tetrahedron must be sutrOunded by 
[SiO.t tetrahedra, and therefore that the silicon: aluminium ratio cannot exceed 1:1). 
The nominal composition of the sodium form of the solid is: 
Equation 2.5 
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2.4.4 F aujasite 
Both zeolite-X and zeolite-Y have the faujasite structure (FAU), which consists 
of sodalite units linked by oxygen bridges between four of the eight 6-rings in a 
tetrahedral array, forming hexagonal prisms. This tetrahedral array encloses a large 
supercage, also known as an ex-cage, which is entered through a 12-ring window. This 
structure is illustrated in Figure 2.8. 
Figure 2.8 The structure of faujasite shown along the (111] projection30 
Zeolite-X is isostructural with zeolite-Y, the difference between the two being 
the location within the structure of the exchangeable cations which is determined by the 
Si: AI ratio. Zeolite-Y has ratios between 1.5 and 3 and uses only cation sites within the 
sodalite cage and whereas X has Si : AI ratios of between 1 and 1.5 and exchanges 
cations into the ex-cage as well as the sodalite cages29. The number of water molecules is 
slightly greater in hydrated zeolite-Y, whereas the number of exchangeable cations is less. 
From the cation exchange selectivity series for the two zeolite types it can be seen that 
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zeolite-X prefers small univalent alkali metals, whereas zeolite-Y preferentially 
exchanges the larger alkali metal cations. 
Zeolite X: Na>K> Rb>Cs 
Zeolite Y: Cs >Rb > K> Na 
The composition of the dehydrated hydrogen foan of the solid zeo1ite-Y used in 
this study is: 
Equation 2.6 The composition ofZeolite-Y 
Whereas the composition for the sodium foan of the zeolite-X material used in this 
study is: 
Equation 2.7 The composition ofZeoHte-X 
2.4.5 Zeolite-A 
Zeolite-A has the Linde Type A structure (LTA), which consists of sodalite units 
joined at every 4-ring to another sodalite unit, the sodalite units are separated by D4R's 
(double 4-rings). This structure is shown in Figure 2.9. 
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Figure 2.9 The structure of zeolite-A shown along the [100] projectionJO 
The formula of zeolite-A is 
Equation 2.8 
The major use of Zeolite-A used to be as a builder in washing powders, but it 
was largely replaced by zeolite-P. This is because zeolite-P shows a much higher 
selectivity for Ca over Na than zeolite-A31 . As with zeolite-P, the Si: Al ratio in A is 1:1, 
which ensures that it has the maximum possible ion-exchange capacity. Zeolite-A has a 
cubic crystal habit, but for its use in washing powders a fonn was synthesised with 
bevelled edge particles, so that it is not so abrasive and comes off clothes more easily. 
The structure of A is very rigid in contrast to that of zeolite-P; this is proved by 
the fact that when it is dehydrated the crystallographic cell constant, a, decreases by only 
O.02A20 (0.16%). 
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2.5 Mesoporous Solids 
Mesoporous solids are generally not crystalline but are paracrystalline or 
amotphous, commonly with varying pore size and random pore distnbution, which 
means that the usefulness of these structures has been limited. Examples of these 
structures are the silicates and modified Jayered species, for inst3nce the smectite clays 
and metal phosphates32 (e.g. at-zirconium phosphate). In these cases the mesopores are 
introduced by irregular stacking, and micropores are also present (in the interlayer 
regions), as shown in Figure 2.10 
Figure 2.10 Micropora ad maopota in modified layer lyateml 
Over the past ten years several mesoporous solids have been produced which 
show pore regularity and which can be easily tailored33• The microstructures of these 
materials make them very useful; they have large internal surface areas, which enhance 
catalytic and adsorptive ability. These solids include the M41S &mily (to be discussed 
Jater in the work) and materials such as the SBAs 3.f • 37 and HMS 31 • 41 (hexagonal 
mesoporous silica). It is interesting to note that these solids show a hexagonal array of 
pores and are all synthesised in simi1ar ways (it is possible to alter the structure of the 
product of a reaction by very slight alterations of the reaction components or 
conditions). 
32 
Hazel Rudge-Pickard Otapter 2. Catalyst materials 
2.5.1 M41S Materials 
Originally discovered in the Mobil Research and Development Cotporation, the 
family of materials known as M41S contains solids in which mesopores are arranged in a 
regularly repeating manner42,43. There are three common forms: hexagonal MCM-41, 
cubic MCM-48 and lamellar MCM-L. By far the best understood is the hexagonal 
structure of MCM_41#,45, although the cubic MCM-48 is reasonably well de6ned<46,47,48. 
M41S materials combine the regularity of microporous solids with larger pore sizes in 
the mesoporous range 49 to potentially give a much more accessible catalytic pore system, 
e~"pecially for reactions involving large organic moleculesSO, 51. As the pore diameter is 
controllable it is anticipated that the shape-selectivity of these solids can also be high. A 
general synthesis ofM41S materials is illustrated in the flow diagram in Figure 2.11. 
Template + Water + Base 
1 Silica and metal sources 
White Suspension 
Heat and / or stir, or 
microwave or autoclave 
White Non-porous Solid 
Calcined in flowing 
air at 450°C 
White Porous Solid 
Figure 2.11 Schematic: Iynthesil of M41S materiall 
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The ageing reaction is suitable for microwave acceleration; this methodology 
takes a much shorter time than other hydrothermal methods such as reflux, but has the 
disadvantage that the synthesis is not so easy to control (for example heating the 
reaction gel for 60 minutes produces the hexagonal phase, but continued heating after 
approximately 3 hours reduces the structural orderS~. The template extraction can also 
be performed in many other ways, for example using ozone or supercritical C0253, 54. 
2.5.2 Mechanistic Considerations 
The synthetic pathway for M41S materials involves an extension of the 
ttaditional zeolite synthesis, in which a silicate is crystallised around a single template 
ion; for ordered mesoporous solids the template is not a single ion but an array of 
micelles of a surfactant. The process of templating is defined as that in which an organic 
species (either neutral or charged) acts as an entity about which a lattice is formed from 
oxide moieties55• For the process of templating to be "true" it is required that there is an 
intimate relationship between the oxide lattice and the organic species, such that the 
organic moiety is locked into the synthesised product. The template is later removed by 
calcination, ion-exchange or by acid washing methods. 
The solids are thought to be formed by a liquid crystal templating mechanism. 
There are two postulated mechanisms for the formation of the hexagonal array in 
MCM-41: 
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Figure 2.12 Mechanism proposed by Beck et gJ. 
The first mechanis tic pathway, proposed by Beck et aF is shown in Figurc 2.12. 
It is suggested that the molecules of surfactant aggregate into rod-like micelles, which 
then group together to form a hexagonal acray. The inorganic silica forms around this 
template and so conforms to the hexagonal structure. Thc template is then rcmoved 
(commonly by calcination) and the silica that remains retains the hexagonal acray of 
pores. MAS-NMR studies of the template molecules, both in solution and incorporated 
into a mesoporous solid, confirm that the surfactant remains ehcmically intact during 
the templating process, which supports the structure-directing role of the surfactantSs • 
One problem with this mechanism was noted by Vartuli et aL S6 • The critical 
micellc concentration (emc) of the template used in the synthcsis of M41S materials, as 
shown in F1gw:e 2.13, is considerably higher than the concentration actually used, hence 
the aggregation of the template molecules into micelles does not occur when the 
template is added to the water. 
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C~CI CMe2 
crystals in water 
o 1 0 20 30 40 SO 60 70 BO 90 100 
Surfactant concentration (weight percent) 
Figure 2.13 Phase diagram for cetyltrimethyl ammonium chloride in wate"" 
This suggests that there is an added initiator present which encouxages the 
formation of the micelles. It is argued that the silicate anions act as this initiator by 
virtue of charge balance with the cationic surfactant. It is not only the liquid crystal 
structure of the template that would not fonn under the synthesis conditions; it is also 
not possible to form mesoporous solids from solutions at the concentrations used 
unless the template is present. The condensation of the silica is so rapid that there must 
be a strong interaction between the template and the silica 44. This is thought to be due 
to the silica condensing around the surfactant to give polyanions, which then bind more 
readily to other silicate ions to form oligomeric silicate anions. This occurs for two 
reasons: (i) the relative concentration of silica anions near the surfactant surface is high 
and eii) their negative charges are partially screened by the cationic surfactant head 
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By changMg the silica: surfactant ratio all three forms of M41S can be formed. 
This implies that the relative concentrations of the silica and template determine the 
form of the micelles produced, and hence implies that the Vartuli mechanism is at least 
partially correct. This mechanism is shown in Figure 2.14. 
Figure 2.14 MechaDism proposed by VartuU et Ill. 
The curvature of the interface between the organic and inorganic moieties is 
defined by the energetics of the system (balancing head group charge repulsion, 
surfactant-silicate attraction and van der Waals forces). Phase transitions arise due to 
changes in the curvature of the interface 58 • Changes in the silica morphology occur 
during a single synthesis; in the early stages of a synthesis the high charge on the silica 
polyanions requires that the head group area is large; this is most easily achieved by a 
lamellar surfactant structure. As the silica condenses further, the head group area needs 
to decrease to take account of the lowering in the negative charge of the silica, and this 
results in a transition towards the hexagonal structureS9 (with pore waDs decreasing in 
thickness because the most stable ionised silanol groups arc confined to the surface of 
the pore wall., reducing repulsive dipole-dipole inten.ctions). 
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Figure 2.15 A diagram illustrating the lamellar to hexagonal transition60 
The chemical nature of the counter-anion associated with the template also 
affects the reaction products. For example, when using the cetylttimethylammonium 
cation as the template it is important to decide whether it is the chloride or the bromide 
form that should be used; the bromide favours the hexagonal MCM-41 phase over a 
wider and lower concentration range than the chloride61 • 
Although charge balance is important in this mechanism, a method of 
synthesising a mesoporous solid has also been found which uses neutral silicon 
precursors and neutral primary amine micelles40• This method produces a material with 
thicker pore walls and improved textural mesoporosity. Another advantage of this 
method is that the template is not so strongly bound to the silica walls and so is easier to 
remove. A second neutral templating route has reported that the pore size distributions 
are narrow, but the channel assembly is disordered62• A further non-ionic pathway has 
been developed and uses counterions present in an auxiliary metal salt as charge 
balancing agents; these counterions do not playa structure directing role as the structure 
is independent of the counterion used (nitrate, chloride etc/3 
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The pore size can be tailored by varying the chain length of the tempJate 
monomer, in both the neuttal and ionic tempJating routes. With a small chain length, 
crystalline microporous solids are formed This is not due to smaller micelles, but due to 
the energetics of the system; with smaller chain lengths (n ~ 6 in CnH7n+l[CH3]3Nj the 
hydrophobicity of the molecule is not great enough to favour the formation of micelles, 
and single molecules act as tempJates, forming zeolites such as ZSM_S55. With chain 
lengths sufficient to form micelles, either increasing or decreasing the chain length can 
alter the size of the mesopores. It has been discovered that using micelle-swelling agents, 
such as mesitylene (1,3,S-trimethylbenzene), pore sizes can be further increased 64 • 
Mesitylene is a discotic molecule, but straight chain organic molecules can also be used 
X-tay diffiaction data show that using straight chain alkanes in addition to the tempJate 
may increase the pore size; the lengths of the two chains appearing to be additive as 
shown in Figure 17. Although the use of swelling agents gives the advantage of larger 
pores, it results in a decrease in the reguJarity of the pore system. 
(a) (b) 
Figure 2.16 The exp8lllion of miceJla using .traight chain orpDict: 
a) without .traight chain oqraaie. b) with .tndcht chain oflame 
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The two most common ways of increasing the pore size are to add a swelling 
~nt and to use a lo~ chain surfactant; there is, however, a thUd way that does not 
involve alteration of the micelle. This method involves a post-synthesis hydrothermal 
treatment, which utilises the fact that the silanol groups within the pore walls are 
incompletely condensed and can reurange65. This post-synthesis treatment enlarges the 
volume per unit mass ofMCM-41 by approximately 25 - 35%. 
The structure of the template itself is an important factor in the synthesis. 
Choosing a template can affect not only the diameter of the pore but also the structural 
order of the resultant solid It has been shown that using a specified ratio of two 
different head groups (with different areas) the structural order of the solid can be 
improved This is due to mismatches in head to tail size ratio; when the tail is long, a 
larger head group is needed to give a good cylindrical micelle, and conversely when the 
tail is short a smaller head group gives a better micelle. When the tail is of an 
intermediate length it is possible to use two surfactants with different head group areas66• 
The application of these materials has been limited by their poor thermal and 
hydrothermal stabilities. When the surfactant is within the silica framework the structure 
of the framework is stable, but on removal of the template the silica framework has 
poorer structural stability. This problem has been addressed by altering syntheses to give 
thicker pore walls. The first reported MCM-41 sample had a pore wall thickness of only 
5 A at the thinnest point; this distance corresponds to only two layers of silica, and can 
be easily broken by hydrolysis. Decreasing the hydroxyl : silica ratio leads to deposition 
of a thicker layer of silica onto the template micelles67• Another modification to the 
synthesis which tmproves the hydrothermal stability involves adding 
tetraa1k.ylammonium (fAA") ions; although the role of these additional cations is not 
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completdy defined, they may facilitate increased condensation of the siJanol groups 
during the formation of the pore wal1S68• 
2.5.3 Applications 
Although the original MCM-41 was prepared from aluminosilicates to give a 
single-phase product containing only silica and constitutional alumina, many 
modifications have been carried out to give many catalytic solids69. Materials analogous 
to MCM-41 have been prepared with catalytic metals such as iron, manganese, gallium 
and neodymium in the structure 70 . 77. Iron-containing mesoporous solids have been 
shown to be active Friedel-Crafts alkylation catalysts 78 and a titanium-substituted MCM 
has been shown to be an active catalyst in several oxidation reactions79. Substitution of 
such ions into the fmmework leads to both Br0nsted and Lewis acid sites 80, the 
strengths of which can be predetermined by the choice of ion and the level of 
incorporation 81, 82. In addition to heteroatoms being incorporated into the fmmewotk83, 
they have also been incorporated into the pore as nanoparticles, for example the 
synthesis of Ni nanoparticles within the pores of MCM-41 is reported to give a 
homogeneous distribution of particles without 1arger particles on the extemal Surface84. 
This synthetic method has also been used to incorporate rhodium nanopartieles into 
MCM-41 8S• Although in many instances M41S materials have proved to be good catalyst 
supports, there is some doubt that it is always the best solution. For example, titanium 
epoxidation catalysts have been shown to be just as active on an amorphous silica 
support as on MCM materials. 86 
High aluminium content M41S materials have been synthesised, with the intent 
of increasing the Bmnsted acidity of the samples and hence their catalytic activity87. The 
more aluminium in the solid the greater its ion-exchange capacity, due to the higher 
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negative charge on the framework arising from the tetrahedral AI sites. It has been 
shown by magic angle spinning nuclear magnetic resonance (MAS-NMR) that Al 
incorporated into a sample of MCM41 prepared at room temperature is in purely 
tetrahedrally coordinated AlO 4 units; the Al species are covalently bound into the 
framework structure and are stabilised by neighbouring silica species88• For a sample 
prepared hydrothermally, there are both octahedral and tetrahedral AI sites present in 
the framework; it is possible that the appearance of octahedral aluminium is due to 
coordination of adsorbed water to tetrahedral aluminium89• Unfortunately incorporation 
of AI into the solid reduces both the pore size and the BET specific surface area, when 
compared to a purely siliceous material, as the pore wall thickness increases, but this 
does lead to an increase in the thermal stability. 
It is possible to synthesise mesoporous solids by attaching a silane to the 
surfactant chainS8, (with the inorganic phase and the organic template both part of the 
same molecule) and to incorporate heteroatoms into the structure by using heteroatom-
containing sutfactants90• 
Purely siliceous solids can be produced, and these can be modified very simply 
to include an organic functional group attached to the pore sutface69• MCMs can be 
produced with a simple organic functional group, via co-condensation of an organically 
modified silane and an unmodified silane, which can then be modified to a suitable 
catalytic site 91. 92 • The discovery that organically modified solids are relatively easy to 
prepare has led to much speculation about the incorporation of organic catalytic centres 
into the mesopores 93.97. The optimal form of a solid catalyst is arguably one in which 
the catalytic centre is actually incorporated into the solid itself and not present as an 
intercalate (as in zeolites9~. 
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Although much work has concentrated on determining and tailoring the internal 
structure of MCM-41, some studies show that the motphology of the particles 
themselves can be altered. Spherical, tubular and fibrous motphologies have all been 
formed, and fibres of MCM-41 have been made to form ropes of bundled fibres. The 
ropes are formed because of the linear structure of the fibres, which is itself a result of 
the linear structure of the channels 99. It is also possible to increase the size of the 
particles simply by using a pre-formed MCM-41 as the silica source in a second 
synthesis. When MCM-41 is produced, there is always a certain amount of amotphous 
silica present; it is this silica that is utilised as the silica source in the secondary synthesis, 
while the MCM-41 particles remain intact and act as seeds for the synthesis of 1arger 
particles 100, 101. 
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Chapter 3 
Characterization Techniques 
To gain an insight into the properties of the zeolites and M41S materials used in 
this study a variety of characterisation techniques were employed A description of each 
of the techniques applied in this study, and the knowledge gained from each 
characterization method, is given below. 
3.1 Physical Adsorption 
3.1.1 Introduction 
It has been known since 1600 Be that certain materials can be used to adsorb 
substances1• The Egyptians are known to have removed poisons from wounds using 
charcoal. In the 19th century it was discovered that a finely ground powder exposed to a 
gas will adsorb ie. When the solid has ceased to adsorb the gas, the amount of gas 
adsorbed can be calculated either from the pressure decrease in the vessel (volumetric 
method) or from the increase in mass of the solid (gravimetric method). 
Adsorption takes place due to forces acting between the solid and the atoms / 
molecules of the gas / vapour. The amount of adsorbate adsorbed by a solid (the 
adsorbent) is dependent upon the surface area of the solid Both chemical and physical 
forces are involved, giving rise to chemisorption and physisorption respectively. The 
former occurs when a chemical bond is formed between the gas and the solid and 
therefore only monolayer chemisorption can occur. Physisorption arises when van der 
Waals' forces cause molecules to deposit on to the surface of the material, and hence 
can be a multi-layer phenomenon. 
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The quantity of gas adsorbed by the solid is dependent on three factors: the 
mass of the adsorbent, the solid and gas used and the pressure of the gas l, this 
relationship is shown in Equation 3.1. 
Equation 3.1 
where 11 is the amount of gas adsorbed measured in moles of gas per gaun of outgassed 
solid This equation defines an adsotption isothetm that is dependent upon two 
variables, the partial pressure (P) of the adsorbate and the saturation vapour pressure p 0 
at the temperature of measurement T. The saturation vapour pressure is defined as the 
point at which the surface is completdy wetted 
3.1.2 The Langmuir Model 
In 1918 Langmuir proposed the first model for the relationship between the 
amount of gas adsorbed and the equilibrium pressure of that gas at constant 
temperature4• 'l'he Langmuir equation is shown below: 
n BP 
-=---
n", l+BP 
Equadon3~The~uhE .. don 
where 11 is the amount of gas adsorbed at equilibrium pressure p, II. is the monolayer 
capacity of the adsorbent (therefore 11/". is the fraction of the surface covered by the 
adsorbate) and B is given by 
49 
Hazel Rudge-Pickard 
B= OIKI e'l,/RT 
Z"VI 
Equation 3.3 
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where af is the condensation coefficient, Z. is the number of molecules adsorbed per 
unit area in a completed monolayer, Vf is the oscillation frequency of adsorbed molecules, 
q, is the isosteric heat of adsorption and K; is a constant given by the kinetic theory of 
gases as shown in Equation 3.4. 
O.5L 
1( ---~ 
1 - {MRT)3 
Equation 3.4 
where L is the Avogadro number, M is the molar mass, R is the gas constant and Tis 
the thermodynamic temperature. 
There are several fundamental assumptions in this model, these are: 
1. In the bulk gaseous phase the adsorbate behaves as an ideal gas. 
2. The amount adsorbed is limited to a mono-molecular layer. 
3. The enthalpy of adsorption is constant for the entire surface. 
4. There are no adsorbate-adsorbate interactions. 
5. The adsorbed molecules are localised, in other words they have definite 
points of attachment to the surface. 
The first two assumptions can be considered true for many solid / gas systems. 
The 3m and 41b assumptions, however, are never true; it cannot be assumed that 
adsorbate-adsorbate interactions are negliglble and no solid surface will ever be 
homogeneous, the non-uniformity of the solid surface results in a progressive decrease 
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in the energy of adsorption, while adsorbate-adsorbate interactions result in an increase 
in the enerror of adsorption. Many of the systems that appear to fit the Langmuir 
equation do so as a result of combined deviation from reality (assumptions 3 and 4 
being self-compensating)5. 
3.1.3 The BET Model 
In 1938 Brunauer, Emmett and TeDer foanulated the BET model to describe 
multi-layer adsorption. The BET adsorption theory was based upon the Langmuir 
model, and hence it suffers from the problems associated with the Langmuir method. 
For the Langmuir method the number of layers is one, for the BET method the number 
of layers is unlimited. Additional assumptions were made above and beyond those 
assumed by Langmuir, the heat of adsorption in all layers above the first is assumed to 
be equal to the enthalpy of liquefaction, q2 = ~H, of the adsorbate. The evaporation / 
condensation properties of the molecules in aD layers above the first are therefore 
assumed to be the same as for those of molecules at the surface of bulk. liquid 
condensate. 
Since the adsorbate wpour condenses as an ordinMy liquid at the saturation 
pressure of the gas,p', the number of layers becomes infinite. 
The linear form of the BET equation is shown below: 
Equation 3.5 Unear BET Equation 
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where 11 is the amount of gas adsorbed at equilibrium pressure p, l is the saturation 
vapour pressure, and e is the BET constant (a measure of the difference between the 
heat of adsorption of the first (qt) and subsequent layers (qJ), as shown in Equation 3.6. 
Equation 3.6 
A plot of (P/p~/(n(1-p/p~) againstp/po should give a straight line with slope (e-
t)/ 11,.( and intercept t / 11,.(, hence 11. can be calculated as 1 / (slope + interceptt Thus the 
specific surface area (S~ can be calculated using Equation 3.7 where L is Avogadro's 
number and a. is the molecular area of the adsorbate (a. for N2 is genenilly considered 
to be 16.2 A~7 
SSp =n",La", 
Equation 3.7 
For the majority of Type II isotherms, (see following section) e is a constant 
over the pressure range 0.05 < p/po < 0.35 making evaluation of n,.. by the BET method 
feastble for such systems in this pressure range. In general, a BET plot will only give 
reliable surface area results (SBBT / m2 got) for e values between 50 and 150 and is often 
unreliable when applied to predominantly microporous systems. 
3.1.4 The BET Classification 
Adsorption isotherms may be grouped into five classes. as proposed by 
Brunauer, Demming. Demming and T eller8 • This classification is more commonly 
referred to as the BET (Brunauer, Emmet and Teller) classification'. There is also a 
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sixth type of isotherm although this is rarely seen; these six types are shown in Figure 
3.1. 
II III 
0 
E 
-~ 
0 
t/) 
~ 
IV VI 
-c ::;, 
0 
~ 
Relative Pressure P/po 
Figure 3.1 The aix adaorptiOD ilothCJJDI. 
The different types of isothenn are characteristic of different types of 
adsorbents, as shown in Table 3.1. After monolayer adsorption onto a solid sutfa.ce it is 
possible to get multilayer adsorption, by increasing the pressure of the adsorbate. If the 
pressure is great enough, condensation to the bulk liquid occurs. In a mesopotous solid 
the thickness of the adsorbed layer is restricted by the width of the pores, this alters the 
shape of the isotherm, usually (but not always) giving a hysteresis loop. Type IV and V 
isotherms exhibit hysteresis loops, the lower branch represents the adsOtption of the gas 
and the upper ba.nch represents desorption. Although the exact shape of the hysteresis 
differs from sample to sample, at any given relative pressure the amount of gas 
adsorbed is greater in the desorption branch than the adsorption branch. In 1911 
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ZsigmondylO presented a capillary condensation model to explain this; condensation 
(adsorption) can occur along the whole length of the pore simultaneously and so is fairly 
rapid Evaporation (desorption), on the other hand, can occur only from the relatively 
small meniscus area and hence is slower and occurs at a lower relative pressuresll• 
It can be seen from the diawams that the type IV and type II isotherms are 
related. The major difference between the two is that type IV isotherms have a 
hysteresis loop at the second point of inflection. The relatively flat section of the curve 
after the hysteresis is due to final adsorption on the external surface of the powder. 
In microporous solids it can be seen that the pore walls are so close together 
that the amount of gas that can be adsorbed at a set pressure is greater than would be 
expected. This phenomenon is known as capillary condensation. With mesoporous 
solids capillary condensation can occur at great enough pressures. It is very difficult to 
give an isotherm pattern for macroporous solids, as the partial pressure inside the pores 
is so close to the saturation vapour pressure of the ~s. 
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Table 3.1 The characteristics of the BET isotberma12• 
Type of Isotherm Characteristics of Isotherm 
I Typical of microporous adsorbents. 
II Given by non-porous or macroporous adsorbents. 
III Solid is usually non-porous, with weak interactions between the solid 
and the gas. 
IV Shown by mesoporous adsoroents. 
V Characteristic of porous solids with weak interactions between the 
solid and the gas. 
VI Shows that the solid has stepwise multilayer adsorption on a near-
uniform surface. 
3.1.5 Determination of Pore Size 
As well as giving infonnation about the characteristics of the solid, an 
adsorption isotherm can be used to calcuJate the specific surface area of the solid This 
is achieved by determining the monolayer capacity, which is defined as the amount of 
adsorbate which can be accommodated on to the completely filled surface of the solid 
in other words, where only a single layer of molecules covers the surface at all points. 
The surface area of the solid can then be related directly to the amount of sorbed 
adsorbate. 
It is also important to calculate the total pore volume (Gurvitsch pore volume) 
of the solid For a type IV isotherm the final plateau region relates to the maximum 
ss 
Hazel Rudge-Pickard Chapter 3. Characterization Techniques 
adsoxption value. Knowing the maximum amount of adsorbate which the solid can 
adsorb (n;J, it is then possible to calculate the pore volume (V) if the density (P) and the 
molecular weight (M.) of the liquid adsorbate is known by using Equation 3.8. 
npMw 
v=--p 
Equation 3.8 Gwvitllch equation for total pore vohune 
The Gurvitsch pore volume should be the same for all adsoxptives on a 
particular sample; the accwacy of this "Gurvitsch rule" is limited by the ease with which 
the plateau can be determined, but is generally to within a few percent for systems 
which give rise to a Type IV isotherm. 
The pore diameter of a solid can be calculated from the sorption isotherm using 
the Kelvin method. The Kelvin equation is usually written as shown in Equation 3.9. 
Equation 3.9 The Kelvin equation 
where 'Y is the surface tension and V is the molar volume of the liquid adsorbate. "is 
the contact angle between the pore wall and the liquid, and is genemlly assumed to be 
zero. The equation describes the relative pressure pIp' at which the adsorbate in an 
open-ended cylindrical pore of radius r, begins to evapotate. This method is usually 
applied to type IV solids; those in which capillary condensation has occurred. The 
Kelvin radius is not actually the radius of the pore, but rather the radius of the pore less 
the thickness, t, of the adsorbed monolayer on the surface of the wall after desorption. 
The thickness, t, is calculated using Equation 3.10 
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1 
1 
Equation 3.10 The Halsey equation 
where 0; is the thickness of each adsorbed layer (for N2 = 3.5 A), assuming hexagonal 
packing. It should be noted that the Kelvin equation probably underestimates the pore 
size and it may not be reliable at all with a pore diameter of less than 75 run. Studies 
have shown that it fails to account for effects of the fluid- wall interactions and the 
associated inhomogeneity of the fluid in the pore. 
3.1.6 Hysteresis Loops 
The type of any observed hysteresis loop exhibited by a solid can tell you much 
about the nature of the solid. There are four different classes of hysteresis loop 
recognized by lUPAC, as shown in Figure 3.2; a different type of solid exhibits eachll. 
Types H1 (very narrow pressure range, nearly vertical hysteresis) and H4 (very broad 
pressure range, nearly horizontal hysteresis) are the extremes of the hysteresis spectrum, 
with type H2 and H3 being common intennediates14• 
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Relative pressure, p/po 
Figure 3.2 The four hysteresis classifications. 
Both type Hl and H2 hystcrcses are given by solids with nearly cylindrical 
channels or those formed by spheroidal particles. With pores of uniform size and shape 
the very steep, natrOw hysteresis loop of type Hl is observed Type H2 hystereses are 
normally given by materials that have a complex pore s1ructu1'e, usually made up of 
interconnecting pores of varying size and shape. The loop itself is broad with a steep 
desotption curve and a long, almost horizontal plateau. 
Arrays of slit-like pores such as those formed by aggregates of platelets or edged 
particles give type H3 or H4 hysteresis loops. These loops, unlike those of types Hl and 
H2, do not terminate in a plateau. Again, it is the uniformity of the pore size and shape 
that leads to the difference between the two hysteresis types; the very broad, shallow 
type H4 hystereses are given by solids with uniform size and shape whereas the steeper 
type H3 hystereses are given by non-uniform pore structures. 
3.1.7 Pore Size Distribution 
There are many methods for determining the pore size distribution (pore size 
versus pore volume) in a mesoporous solid, the most commonly used method is that 
proposed by Harrett, Joyner and Halenda (the HJH method)l~. This method is based 
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upon the Kelvin model16, in that a pressure increase will increase the thickness of the 
adsorbate layer on the surface of the pore. From the pore volume the pore diameter can 
then be detennined The BJH method assumes the following: 
• The Kelvin equation is applicable over the complete mesopore range 
• The meniscus curvature is controlled by the pore size and shape 
• The pores are rigid and of well defined shape 
• The pore distribution is confined to the mesopore range 
• The filling / emptying of each pore is not dependent upon its location in 
the structure 
• Adsorption on the pore walls proceeds in the same fashion as adsorption 
onto the external surface 
Although some of these assumptions are valid, not all are; for example, it is 
unlikely that in any sample there will only be mesopores and it has been shown that the 
Kelvin equation is not reliable for pores of diameters < 2 om17• However, the BJH 
method does give reasonable accuracy and is very useful as a comparative method Pore 
size distribution plots can be obtained from either the adsorption or desorption data. 
For the purposes of this study desorption data has been used. 
3.1.8 Volumetric Gas Adsorption 
The Lechnique used LO record Ihe adsorption isolherms of I.he samples in lhis 
project is known as volumetric gas adsorption. Before gas adsorption is carried out, the 
samples are "out-gassed" so that any previously physisorbed material is removed. In this 
process I.he maLerials are heaLed Wider a nitrogen flow or in tNJaIo. The samples were 
outgassed for 24 hours at 150°C using the Micromeritics Flowprep 060 outgasser with 
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flowing nitrogen. This was a sufficiently low temperature so as to ensure that the 
samples were not modified in any way, whilst removing most surface water. BET 
specific surface area and Gurvitsch pore volume data therefore relate to the ability of 
the zeolite to retain water under these conditions. 
Once outgassing was complete the samples were transferred to a fully 
automated and computer-driven Micromeritics Gemini 2375 Surface Area and 
Porosimetry Analyzer. This equipment uses two identically balanced sample tubes that 
are exposed to identical experimental conditions. The oitro~ is delivered to both tubes 
concurrendy by a flowing gas technique. This ensures that any change in the mass of the 
sample is due solely to the adsorption of the N2> and the rate of delivery of the gas is 
determined by the rate of adsorption. Nitrogen was chosen as the adsorptive as it is 
commonly considered to be the most suitable for mesopore analysis because the 
thickness of the N2 multilayer is insensitive to differences in adsorbent particle size or 
surface structure, and the same isotherm can be used for both surface area evaluation 
and pore size distnbution. The results are shown as an adsorption isotherm with a BET 
and / or Langmuir surface area value. 
3.2 X-Ray Powder DilTraCtiOD 
X-ray diffraction (XRD) is one of the most important techniques used in solid 
state chemistry18. The technique is commonly used for the identification of crystalline 
solids from their characteristic "6ngerpriots" 19. Uif&actioo of X-rays by crystalline 
solids occurs because the interatomic distances are of a comparable magnitude to the 
wavelength of X-rays. When any type of wave falls upon a grating of a similar size to its 
wavelength, diffraction will always occur. Close packed structures such as ionic materials 
may be regarded as consisting of planes of atoms in a three dimensional arrangement. 
60 
Hazel Rudge-Pickard Olaptec 3. Characterization Techniques 
X-ray powder diffraction works because the sets of planes in the crystal are oriented in 
varying ways and are of a similar size as the wavelength of X-rays. The interplanar 
spacing is termed the d""" spacing. A pattern of constructive and destructive interference 
of the reflected X-rays results. Powder diffraction patterns are recorded over a series of 
angles so that all reflections are observed 
Once a pattem has been recorded for a sample, the Bragg equation (shown 
below) can be used to interpret it. 
Equation 3.11 The Bragg Equation 
1. is the wavelength of the emerging X-rays, IJ is the Bragg angle and h, Ie and I are the 
Miller indices for a family of planes giving coherent scattering (diffraction). 
Although the M41S family is not crystalline, the regularity of the pores in the 
structure means that a diffraction pattem can be obtained from the contrast between the 
empty space of the pores, and the amorphous mass of the pore walls. Only one major 
peak. is seen, although in samples with a regular repeating array it is sometimes possible 
to sec up to three others. The major peak is indexed as d'(}(J> which rclatcs to the distanec 
between the centres of two adjacent pores. When the other three peaks are seen they are 
indexed as the dll(JJ d,oo and the ~'O peaks of the hexagonal array. 
Although XRD cannot be used to determine the pore diameter of M41S 
materials the repeat distance between the pores can be calculated This is known as the 
hexagonal unit cell panuneter, a, and ean be used along with the Kelvin pore diameter, 
from the sotption isotherm., to calculate the thickness of the pore walls. A diagram 
showing the differenee between d,oo and a, is shown in Figure 3.3. 
61 
Hazel Rudge-Pickard Chapter 3. Olaracterization Techniques 
8 
Figure 3.3 A diagram showing the difference between dJ{)I and :I.,. 
a, is calculated using the following equation 
Equation 3.12 
XRD may also be used to identify the crystalline zeolites. Clinoptilolite has a 
monoclinic unit cell that leads to a complex XRD pattern. The Gismondine (GIS) 
topology of zeolite-P also results in a monoclinic unit cell, again leading to a complex 
XRD pattern12• Mordenite has an orthorhombic crystal habit, whereas faujasite and 
zeolite-A are both cubic. 
The instrument used to record all XRD patterns was a Seifert XRD 3003 TT 
using Cu Kcx radiation ().. = 1.5418 A) controlled by a Seifert C 3000 unit. 
3.3 MAS-NMR 
Conventional NMR techniques performed on a solid state sample give very 
broad featureless peaks of low intensity from which very little structural information can 
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be determined. This broadening is due to the close proximity of the neighbouring atoms 
in the solid state environment. This proximity results in both dipolar and quadrupolar 
interactions and also chemical shift anisotropy. 
With the discovery of "magic angle spinning" (MAS) NMR, the technique can 
be used to confirm the composition and structure of solids. The technique consists of 
spinning a solid sample at a high frequency at the "magic angle" of 54.740 to the applied 
field, which reduces the width of the peaks. This angle is chosen because spinning a 
powder about an axis at an angle f3 multiplies the interactions by (3 cos2 f3 -1); when cos 
f3 =(1/3)1/2 and therefore f3 =54.74°, this term becomes O. 
The major problem with solid state NMR is that not all nuclei are NMR active 
(only those atoms with a non-zero nuclear spin can be observed). Many of the nuclei 
found in M41S materials and zeolites are, however, NMR active, including 29Si, 27AI and 
IH. 27 AI has an abundance of 100% (which results in a high sensitivity), and a nuclear 
spin of 1=5/2 (which results in broadening due to quadrupolar interactions) but has a 
low quadrupole moment. 29Si is only 4.7% abundant (1=1/2, therefore no quadrupolar 
broadening occurs); due to the low abundance, spectra require long acquisition times to 
produce a satisfactory signal/noise ratio. Generally, after long acquisition times 2!lSi 
peaks are sharp and well defined, giving clear structural information. 
When zeolites were first chatacterised by 2!lSi MAS-NMR31 it was discovered that 
the nature of the SiO 4 tetrahedra in a silicate lattice can be determined from the 
chemical shifts observed in a 2!lSi MAS-NMR spectrum i.e. it is possible to distinguish 
between SiD 4 tetrahedra joined through comer oxygen atoms, to either none, one, two, 
three or four other tetrahedra. A range of chemical shifts in the spectrum relateS to each 
silicon environment present in the spectrum. Each SiO 4 tetrahedron is assigned a "Q 
value", ranging from zero to four, representing the number of adjacent tetrahedra to 
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which it is directly bonded as shown in Table 3.2. A diagram showing the relative 
position of these chemical shifts as a function of Q21 is shown in Figure 3.4. 
Table 3.2 Diagramatical representations of Q 
QO QI QZ Q3 Q4 
S.i(O')4 SiOSi(O')3 (SiO)~(O') 2 (SiO)~O' (SiO).S! 
.,0; . __ .... 
I :. ," 
~,"" ':, ~ - ..") ~f·., 
,50 ,60 
·70 -80 ·90 -100 -1\ 0 ·120 · 13 0 
Figure 3.4 29Si chemical shifts as a function of Q value 
In a zeolite or M41S solid, silica tetrahedra are always in a Q4 environment. The 
chemical shifts are influenced not only by the number of joined tetrahedra but also by 
the nature of the tetrahedra. In an aluminosilicate the chemical shifts of the silica 
tetrahedra are influenced by the number of joined Al04 tetrahedra. Lower field shifts 
are observed with increasing number of joined Al04 tetrahedra22• The chemical shifts 
for Q4 Si atoms surrounded by varying numbers of AlO 4 are shown in Equation 3.13 
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Table 3.3 and Figure 3.5. From the deconvoluted spectrum the relative 
proportions of silicon centres in each environment can be calculated as the peak 
intensities are proportional to the number of centres in that environment. From these 
data it is possible to calculate the Si/ AI ratio of a material according to Equation 3.13. 
4 4 
Sil Al = (II(m)) I(O.25L m(1(m))) 
m=O m=() 
Equation 3.13 
Table 3.3 2'lSi chemical shifts as a function of the number of attached AlO. tetrahedra 
Q4(4Al) Q4(3Al) Q4(2Al) Q4(lAl) Q4(OAl) 
fu(OAl)4 SiOSi(OAl)3 (SiO)zfu(OAl)2 (SiO)~OAl (SiO)~ 
r :r-.:r:1!,... ... ,'-~ :I~£r}-;~ 
, • ll·~.;.·.~ _, , • .,... ~l ~).~1 Q"' (4 AI) 
Q"' (3 AI) 
Q" (2 AI) 
Q-I (1 AI) 
Q-I(OAI) 
·80 ·85 ·90 ·95 ·100 ·105 ·110 ·115 · 120 
Figure 3.5 29Si chemical shifts as a function of the number of attached AlO. tetrahedra 
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Loewenstein's rule forbids AI-O-AI linkages 23 hence every tetrahedral AI 
environment will be AI(OSi)4' 27AI MAS-NMR can determine the coordination state of 
aluminium, octahedral AI giving a peak at approximately a ppm, whereas tetrahedrally 
coordinated AI gives a peak in the range 50 - 65 ppm2\ 5-coordinate aluminium can 
occasionally be seen at approximately 30 ppm25,26. 
13C shows only a low natural abundance, but MAS-NMR can be used to 
investigate incotporation of organic functional groups into mesoporous silica materials. 
All MAS-NMR spectra were recorded at the EPSRC Solid State NMR Service at 
the University of Durham using a Varian Unity 300 spectrometer. The experimental 
frequencies and external standard references used for the nuclei investigated are shown 
in Table 3.4. 
Table 3.4 Frequencies and external references used in MAS NMR studies 
Nucleus Frequency, 'Up / MHz External Reference 
29Si 59.58 (CH3)1Si 
27AI 78.15 AICl3 (aq) (1 mol dm-~ 
13C 75.43 (.GHJ4Si 
3.4 Thermal Analysis 
Thermal analysis is the measurement of physical and chemical properties of 
materials as a function of temperature. There are two principal thermal analysis 
techniques: (1) thermogravimetry (TG), in which changes in mass with temperature are 
recorded, (2) differential thermal analysis (DTA), which measures any temperature 
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differences (£\1) between the sample and an inert reference material (usually a-alumina). 
DT A can th~r~for~ h~ us~ct to ct~t~rmin~ wh~th~r a mass loss is ctu~ to an ~xothermic or 
endothermic event. 
Using one or other of these techniques, although useful, does not provide the 
full range of information usually requir~ct. Tt is therefore actvantageolls to use hoth TG 
and DTA in conjunction with one another for full thermal analysis of a sample. TG can 
only detect changes in mass, whereas DTA detects thermal events which involve no 
mass chanees (such a'i meltine, or chanees in crystal structure) but do affect the 
temperature of the sample. These thermal events can be either endothermic or 
exothermic, occurring when the sample temperature either lags behind or leads the 
r~ferenc~ temp~ratnr~s, respectively. 
TG and DTA experiments were carried out simultaneously using a Stanton 
Redcroft STA-781 thermal analyser, under an atmosphere of flowing air with a heating 
rate of 10'C min,t. Results were collected usine a PC runnine purpose-written software. 
Water contents reported for zeolites represent the equilibrium water content of the 
material under laboratory storage conditions, which is relevant to the state of the 
material in a storaee canister before use in either of the two applications studied. 
3.5 Fr-IR Spectroscopy 
Vibrational spectroscopies such as infrared (IR) spectroscopy are sensitive to 
short-range order in materials and so may provide better structural information for 
minerals such as zeolites. M41S materials show very little order in their structure; 
although the pore walls are repeated regularly there is no order to the atoms and ions 
within those walls. For these materials the most common use of IR spectroscopy is to 
observe whether there is still template remaining in the calcined material. 
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When a group absorbs IR radiation, transitions between vibrational energy 
levels of the ground electronic energy state occur. IR spectroscopy is based upon the 
change in dipole moment that arises from these vibrations. An IR spectrum records the 
position of these vibrational bands and from this the functional groups present in a 
sample can be identified27. A comparison between the IR spectra of the as-synthesised 
and surfactant-extracted materials is shown below in Figure 3.6. 
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Figure 3.6 FT -IR spectra of the as-synthesised (AS) and surfactant extracted (SE) solids. 
The vibrations of silicates can be approximately separated into those of the 
constituent units; hydroxyl groups, the silicate anion, and any other metals bound in the 
pore wall. Of these sub-units, the hydroxyl group vibrations have been most extensively 
studied and have been found to be sensitive indicators of the hydroxyl environment. A 
breakdown of the bands normally observed in the spectra of these materials, including 
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the tempJate bands usually found only in the as-synthesised materia1s28, is given in Table 
3.5 below. 
Table 3.5 The common IR active bands found in M415 materials and zeolites 
Wavenumber / em"1 Assignment 
3500 - 3340 O-H Stretch 
2925 - 2915 C-H Stretch (fempJate) 
2855 - 2850 C-H Stretch (fempJate) 
1665 -1630 H-O-H Defotmation (Scissoring) 
1495 -1465 R-N-(CH~3 Defonnation (fempJate) 
1385 -1375 Si-O-Si Stretch 
1250 -1240 Si-O-C Stretch 
1230 -1175 M-O Stretch / M-OH Stretch 
1095 -1045 M-O-MBend 
To collect IR data, samples were dispersed in KBr disks; spectra were collected 
over the tange 4000 - 400 em-I using a Nicolet 512P Fourier Transfotm InfraRed 
spectrometer. 
3.6 Particle Size .Analysis 
The size of the particles has a large effect on the activity of a material for 
different applications. Decreasing the particle size can increase the specific surface area 
of a material dramatically and can. therefore increase the number of active sites. For a 
solid with spherical particles the reJationship of specific surface area to particle size is 
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given by Equation 3.14 where SSp is the specific surface area, p is the true density of the 
solid and / is the diameter of the particles. 
SSp=6/pl 
Equation 3.14 Re1atiolllbip of specific surface area to particle diameter 
Under these circumstances it is important to know the size of the particles so that 
comparisons between materials can be made. 
The particle size analyser used in the cwrent work is a Malvern MasterSizer. 
The analysis is based upon the principle of laser ensemble light scattering, and is a non-
;maging optical system as no image of the particle is formed This technique gives an 
absolute measurement, (hence no calibration is required) and the technique is non-
intrusive as a low power laser beam is used The actual optical configuration used by the 
instrument is known as Reverse Fourier Optics (RFO); this technique allows the 
measurement range to be extended down to 0.1 ~ 'Ibis is possible because it enables 
accurate measurement of scattering at much higher angles (typically greater than 10") 
than can be performed through conventional Fourier optics 29. The accuracy of the 
conventional optical technique is determined by the ability to collect and transform the 
scattering coaectly; this is limited by any lens aberrations and the working aperture that 
is available. As no lens is required to collect the high angle scattering in RFO, no 
aberrations are introduced and hence the accuracy is increased significantly. 
Modal agglomerate sizes for the parent materials used in this study are presented 
in Table 3.6. 
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Table 3.6 Modal agglomerate sizes of parent materials 
Parent Material Modal Agglomerate Diameter ()un) 
Zeolite-A 3.9 
Zeolite-P 2.7 
Zeolite-Y 5.0 
Zeolite-X 3.9 
Synthetic Mordenite 5.1 
Natural Mordenite 35.4 
Natural Clinoptilolite 23.6 
Si-MCM-41 328.3 
J.7 X-Ray Fluorescence 
X-ray Fluorescence (XRF) is a widely used technique in the chatactensation of 
zeolite structures. When a monochromatic X-ray beam of sufficient energy is incident 
upon a sample, electrons are ejected from the inner shells, creating vacancies. These 
vacancies present an unstable condition for the atom. As the atom retums to its stable 
condition, electrons from the outer shells are transferred to the inner shells. Energy 
from these electronic transitions is emitted as X-rays, the wavelengths of which are 
representative of the atom which released them (each element has a unique set of energy 
levels) 30. This means that the wavelengths released from a particular element are 
characteristic of that element and from the relative intensities of these peaks the relative 
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concentrations of the elements present can be determined provided a suitable reference 
material is used Only core electrons are involved in the transitions, hence the chemical 
state and environment of the atom does not significantly affect the emission. The Si / 
AI ratio, for example, is directly calculable from XRF data. XRF is a global technique 
and is not suitable for determining the /txa/ concentrations of elements, hence errors due 
to local variations are not observed. It is not possible to detect elements lighter than Ne 
using XRF, so oxygen and hydrogen which are present in zeolite structures cannot be 
determined and their content must be inferred 
XRF results were obtained using a Philips PW2400 equipped with a PW2540 
sample autochanger at Ineos Silicas. Sample preparation involved bead formation using 
lithium tetraborate flux. 
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Chapter 4 
Materials Synthesis and Characterization 
This chapter covers the synthesis and characterization of materials used in this 
study. Due to the often complex nature of the materials, the characterisation techniques 
are considered both individually and as a whole, in order to give as complete a picture as 
possible of the structure and properties of each material used These results are 
discussed on a parent material by parent material basis, and the differences and 
similarities in the structure and properties of related materials are also discussed. 
4.1 Synthesis of ZeoHte Materials 
All chemicals in the following syntheses were used as received from the 
suppliers. The transition metal sources used in the following syntheses were iron(lI) 
sulphate (BDH), cobalt(ll) chloride (Fisons), copper(Il) suJphate (Fluka), nickel(1l) 
chloride (BDH) and manganese(ll) chloride (Hopkin and Williams). The suppliers for 
the various zeolite materials used are shown in Table 4.1. 
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Table 4.1 Suppliers of Zeolites 
Zeolite Supplier 
A lneos Silicas 
p Ineos Silicas 
X BDH 
Y Ineos Silicas 
Synthetic Mordenite BDH 
Natural Mordenite Resource Refineries (NZ) 
Natural CJinoptiloJite IKO Erbsloh (0) 
Into 500 cml of deionised water were added 0.05 mol of metal as its salt and 5g 
of zeolite. The mixture was left to stir at room tempetature for 24 hours, after which 
time it was centrifuged and washed four times with deionised water (500 cm3). The 
resulting solid was p1aced in an oven to dry at lOO·C for 48 hours. 
4.2 Synthesis of M41S Materials 
The following syntheses all used cetyltrimethyJammonium chloride 
CI6H33(CHJ3N+Ct (CTMACl, Aldrich) as a tempJating agent and tetmethoxy silane 
(TEOS, Aldrich) as a silica SOUlCe. All chemicals were used as received from the 
suppliers. 
Si-MCM-41 
To a solution of sodium hydroxide (BDH) (2.48 g, 0.11 mol) in water (1 SO em') 
was added Cl'MACl (18 cml , U.0135 mo~ and'1'EOS (27 cml , U.16 mol). The mixture 
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was stirred at room temperature and pressure for 24 hours, and then placed in a sealed 
Teflon bottle, and into an oven at 100·C for 7 days. The resulting white mixture was 
centrifuged and washed at least four times with deionised water (until no chloride ions 
were detected using silver nitrate). The white precipitate was dried in an oven at 100°C 
for 24 h and subsequently calcined in flowing oxygen at various temperatures overnight. 
Al-MCM-41 
To a solution of sodium hydroxide (2.48 g, 0.11 mo~ in water (180 cm~ was 
added Cl'MACl, (18 cm3, 0.0135 mo~ 'l'EOS (23 cm3, 0.14 moQ and ~(SOJ3 (1.1 g, 
3.2 mmo~. This mixture was then treated in the same manner as Si-MCM-41. 
All other M41S materials were produced using the same procedure as for Al-
MCM-41 except with the compounds shown in Table 4.2 used as the transition metal 
sowce (3.2 mmo~ replacing the ~(S04)3. 
Table 4.2 TrllDllition metalaources for M41S materialaynthesia 
Transition Metal Source Supplier 
Ti(C;-ISO)4 Acros 
V(S04)2 Acros 
Cr(N0 3)3.9H20 BDH 
MnC~.4H20 Hopkin and Williams 
FeS04 BDH 
CoC~ Fisons 
CUS04 Fluka 
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4.3 Characterisation of ZeoUte Materials 
4.3.1 Zeolite A Materials 
From the data presented in Table 4.3 it can be seen that both the specific 
surface area and pore volume of the solid increases markedly upon ion-exchange. It is 
interesting to note that the trend for increasing the specific surface area and pore 
volume is not consistent with ion-size; if this were the case it would be expected that the 
values would follow the trend: 
Fe > Co ::::: Cu > Na, 
since Na+ is the biggest ion with the lowest charge and Fe3+ the smallest with the highest 
cha.t:ge. The results show that the specific surface area of the iron material is much lower 
than the cobalt and copper values, and that the copper value, rather than being 
approximately the same as the cobalt specific surface area, is more than double. It is 
possible that this disparity from expectation is due to the deposition of salts (hydroxides 
and lor oxyhydroxides) upon the surface; both the copper and iron samples showed an 
excess of counterions from the XRF data (fable 4.5) and it is probable that these 
surface hydroxides are blocking access to a significant portion of the surface. It is also 
possible that water is trapped within the pores, leading to a lower than expected specific 
surface area value and Gurvitsch pore volume. The low specific surface area value for 
Na zeolite-A is indicative of the high water content of this material even after outgassing. 
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Table 4.3 N2 IOrption data for zeoJite-A materials 
Sample BET specific Langmuir surface Gurvitsch pore volume 
surface area area (m2 g~ (em! g". xl01 
(m2 g"~ 
Na Zeolite-A 4.1 5.8 0.064 
Fe Zeolite-A 79 110 0.398 
Co Zeolite-A 330 470 2.399 
Cu Zeolite-A 120 180 1.668 
The shape of the isotherm, as shown in Figure 4.1, remains constant after ion-exchange 
implying that the pore structure has not been altered and that there is simply more 
available surface for Nz sorption. The isotherms indicate a microporous solid with some 
mesoporous characteristics. The observed hysteresis loops are of type H3 indicating 
pores of non-uniform size and shape. These pores are probably mesopores formed by 
the agglomeration of individual particles due to the small particle size of this material 
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___ Co Desorption 
-0 Cu _\dsorptiull 
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-G- Na Adsorption 
___ Na Desorption 
Figure 4.1 N2 sorption isotherms for zeolite-A materiaJs 
From the XRD patterns, shown in Figure 4.2, it can be seen that there is a 
decrease in crystallinity of the samples after ion-exchange (seen as a decrease in the 
relative intensity of some peaks and a reduction in the number of observed reflections). 
This decrease is most marked ill the iron sample; however a decrease is also seen in the 
copper and cobalt samples. It is probable that this decrease in crystallinity of the Fe 
sample has caused the marked lowering of the specific surface area as observed in Table 
4.3. It is thought that tlus decrease in crystallinity is due in part to the presence of 
surface hydroxides precipitated during synthesis of the material due to a rise in the pH 
of the solution on addition of the zeolite. No alteration in cell parameters is observed 
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for any of the exchanged materials as shown in Table 4.4 and the cell parameters show a 
reasonable match with those previously reported for zeolite-A (a = b = c = 12.205(7)A) 1. 
Table 4.4 Cell parameters of zeolite-A materials 
Material a = b= c(A) 
Na Zeolite-A 12.292(4) 
Fe Zeolite-A 12.291(4) 
Co Zeolite-A 12.292(7) 
Cu Zeolite-A 12.291(2) 
--Cu Zeolite A 
--Co Zeolite A 
--Fe Zeolite A 
--Na Zeolite A 
S 10 1S 20 2S 30 3S 40 
26/ Degrees 
Figure 4.2 XRD profiles of zeolite-A materials 
The results obtained by X-ray fluorescence on zeolite-A materials are 
summarised in Table 4.5. From the data it can be seen that complete ion exchange takes 
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place in the copper sample. with only trace amounts of sodium being present. whereas 
the iron and cobalt exchanged samples show significant amounts of residual sodium. 
The molar ratio Si : Al within all forms shows a 1: 1 ratio and hence there is no 
aluminium leaching. It can be concluded therefore that the decrease in crystallinity 
observed by powder XRD is due to other effects. In the Na form. the ratio of sodium 
to aluminium is close to 1:1. there is a small amount of H+ present in the system to give 
system neutrality but Na proved difficult to detect. and some of the difference is due to 
experimental uncertainty. 
Table 4.5 Chemical analyaes ofzeoHte-A materiaJa obtained from XRF data 
Constituent NaZeoliteA Fe Zeolite A Co Zeolite A Cu Zeolite A 
Oxide 
%Si02 31.98 22.64 37.77 31.04 
%~O3 27.5 20.24 31.04 27.36 
%N8z0 15.74 8.39 5.93 <1 
%F~03 - 17.39 - -
% C030. - - 18.14 -
%CuO - - - 27.49 
Si: AI 0.99 0.95 1.03 0.97 
The amount of Cu present in Cu zeolite-A is interesting; the ratio of Al:Cu is 
equal to 1.55. This is not as expected. if all the Cu were in the Cu(II) oxidation state it 
would be expected that the ratio would be 2:1. This would imply that there is a mixture 
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of Cu(I) and Cu(II) in the sample. It is more likely that there is some extra Cu(II) 
incorporated into the sample, as CU(OH)2 which was not washed off when the sample 
was prepared. Although no other species were observed in the XRD pattern, it 1S 
thought that the CU(OH)2 is too amorphous to show inherent Bragg scattering. 
The iron sample also has an excess of counterions; if all the iron is present as 
Fe(II) then all the Na + present in the sample is excess. This again implies that there is 
some surface deposition of iron compounds, although again no peaks were observed in 
the XRD profile to support this, it is thought that the Fe(II) impurity phase is too 
amorphous. In contrast, the cobalt sample does not show cation excess relative to Co 
present as Co(II). 
From the TG and DTA curves for zeolite-A, shown in Figure 4.3, it can be seen 
that approximately 20% of the sample mass is lost by SOO·c. This mass loss is due to 
water within the pores and also loss of surface hydroxyl groups. No further mass loss is 
observed above this temperature. 
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Figure 4.3 TG and DTA curves for zeolite-A 
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Both 29Si MAS-NMR and 27Al MAS-NMR spectra were recorded for the sodium 
form of the material. The 29Si spectrum showed only one peak at -89.2 ppm, showing 
that, as expected, all the silicon centres are coordinated to four aluminium centres i.e. all 
Si units are present as Q4 (4 A1) units (consistent with the XRF data showing a 1:1 Si:Al 
ratio) and shows that the material conforms to Lowenstein's rule. The spectrum 
obtained from 27Al MAS-NMR showed one peak only (58.1 ppm) which shows that all 
Al is present in tetrahedral (AlO J coordination. 
4.3.2 Zeolite P Materials 
Data obtained from gas adsorption studies of various ion-exchanged zeolite-P 
samples is presented in Table 4.6. It can be seen that both specific surface area and 
Gurvitsch pore volume increase steadily with atomic number of the exchanged species, 
which is expected due to the decrease in ionic radii of the exchanged species. The 
specific surface areas and pore volumes are relatively low for a zeoJite. 
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Table 4.6 N2 sorption data for zeolite-P materials 
BET specific 
Gurvitsch pore volume Langmuir surface 
Sample surface area 
area (m2 gO') (ems gO~10",> (m2 gol) 
Na Zeolite-P 15 22.0 3.186 
Mn Zeolite-P 17 24.8 3.951 
Fe Zeolite-P 23 33.6 4.423 
Co Zeolite-P 25 36.0 5.207 
Ni Zeolite-P 27 39.3 5.368 
Cu Zeolite-P 29 43.9 5.580 
The isotherms for zeolite-P materials (shown in Figure 4.4) all show relatively 
large hysteresis loops, indicating a microporous structure with some degree of 
mesoporosity. It can be seen that the overall shape of the isotherm does not change 
upon ion-exchange with any metal centre; hence it can be concluded that ion-exchange 
does not alter the surface structure of the material. The hysteresis loops in each case are 
of type H3, implying that the pore structure is made up of pores of non-unifoan shape 
and size. The hysteresis is thought to be due to mesopores foaned between individual 
particles within the agglomerate. 
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Figure 4.4 N2 sorption isotherms for zeolite-P materials 
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The XRD profiles for zeolite-P materials, shown in Figure 4.5, show that the 
crystallinity of the samples decreases slightly upon ion-exchange. This is evident as 
broadening and altering relative intensity of the peaks in the exchanged materials. This 
effect is most marked with Co as the exchanged species, although eu exchange does 
also have an effect. It is interesting to compare these results with those found from 
XRF and MAS NMR; no evidence for dealumination is detected, so the loss of 
crystallinity is due to another factor. Due to the nature of the material unambiguous cell 
parameters could not be calculated, however the peak positions match reasonably well 
with those reported by Gottardi and Gall? 
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X-ray fluorescence data obtained for zeolite-P materials is summarised in Table 
4.7. It can be seen from these results that all samples have a Si! AI ratio of 
approximately 1, hence no aluminium leaching is observed for any sample. The 1:1 ratio 
is expected as zeolite-P contains the maximum loading of aluminium. 
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Table 4.7 Chemical analyses oheoHte-P materials obtained &om XRF data 
Constituent NaZeolite P Fe Zeolite P Co Zeolite P CuZeolite P 
Oxide 
%SiOz 33.41 34.10 39.00 32.33 
%Alz0 3 28.09 28.45 31.13 28.71 
%N~O 15.71 14.17 9.22 <1 
% Fez0 3 - 2.08 - -
%Co3O. - - 13.61 -
%CuO - - - 26.00 
Si :A1 1.01 1.02 0.96 0.96 
The Cu exchanged sample once again is unusual amongst the exchanged 
samples in that virtually complete exchange has taken place; unlike the iron and cobalt 
exchanged samples in which significant amounts of sodium remain. Assuming both 
cobalt and copper are present in the +2 oxidation state, it can be seen that there would 
be cation excess within the zeolite structure assuming that all ions are actually within the 
structure. It is thought therefore that, for both samples, metal compounds (hydroxides 
and oxyhydroxides) are present on the surface of the material. As with zeolite-A 
materials, no evidence for this is seen in the XRD profiles, although it is thought that 
the metal salts are too finely divided to give XRD reflections. The iron sample, on the 
other hand, shows no evidence for surface deposition; the iron may be present as 
Fe(III), or, if it is present as Fe(II) there is H+ present to give charge balance. 
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The data obtained from thermal analysis of zeolite-P are shown in Figure 4.6; an 
initial mass loss of 13% representing the loss of surface water is seen between 50 -
250°C. A further mass loss, between 250 - 400°C can be attributed to the loss of 
adsorbed water, and accounts for a further 5% of the total mass. No further significant 
mass loss is observed. The total water content of the material is therefore shown to be 
18%. The relatively high temperature for water loss correlates well with the reports of 
some water within zeolite-P being tightly bound3. 
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Analysis of the 29Si MAS-NMR spectrum of Na zeolite-P shows only one peak 
at -86.6 ppm. This is in the range expected for a Q4 (4 Al) coordination of Si, which 
matches with the XRF data and confirms Lowenstein's rule is obeyed in that a Sij Al of 
1:1 is present. The 27Al MAS-NMR spectrum showed a single peak at 59.4 ppm, 
confirming that all aluminium centres are of tetrahedral (AI04) coordination. 
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4.3.3 Zeolite Y Materials 
From the data presented in Table 4.8 it can be seen that the nature of the 
counter-cation gready affects the specific surface area of zeolite-Y materials. The 
specific surface area of the copper sample is five times higher than that of the Fe 
exchanged sample. It can be seen that unlike copper and iron exchange, exchanging 
hydrogen with cobalt does not significandy affect the gas adsorption properties of 
zeolite-Yo Once again the specific surface area is not dependent upon the counterion 
size, with the smallest and most highly charged ion (Fe3) giving the lowest specific 
surface area. Gurvitsch pore volumes for zeolite-Y materials follow the same trend. 
Table 4.8 Nz sorpdon data for zeoHte-Y materials 
Sample BET specific Langmuir surface Gurvitsch pore volume 
surface area area (m2 il) (cml g-~10") 
(m2 g-I) 
H Zeolite-Y 480 680 2.346 
Fe Zeolite-Y 160 230 1.214 
Co Zeolite-Y 490 690 2.348 
Cu Zeolite-Y 820 1200 3.932 
The isotherms shown in Figure 4.7 are of predominandy Type I indicating a 
microporous surface texture and from these it can be seen that although the specific 
surface area changes upon ion-exchange, the shape of the isotherm, and therefore, the 
pore structure, does not. 
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Figure 4.7 N2 sorption isotherms for zeolite-Y materials (Note: the Co plot lies directly under the 
H plot) 
It can be seen from the XRD profiles of the zeolite-Y materials, shown in 
Figure 4.8, that the process of ion-exchange does not affect the crystallinity of the 
samples in any way. However, the cell parameters are affected; from the position of the 
peaks in the modified samples it can be seen that the cell parameters decrease on ion-
exchange. This decrease in size shows a trend, with the smallest ion giving rise to the 
smallest cell parameters, as would be expected and as shown in Table 4.9. The cell 
parameters of the parent material correlate well with those previously reported by 
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Table 4.9 Cell parameters of zeolite-Y materials 
Material a = b= c(A) 
H Zeolite-Y 24.56(1) 
Fe Zeolite-Y 24.533(9) 
Co Zeolite-Y 24.55(1) 
Cu Zeolite-Y 24.54(1) 
10 15 20 25 30 35 
2ft 
Figure 4.8 XRD profiles of zeolite-Y materials 
40 
- Cuy i 
I- CoY 
I - FeY 
I-HY 
Chemical compositions of zeolite-Y materials as obtained from XRF analysis are 
shown in Table 4.10. The low concentration of Na in all samples is due to the primary 
counter-cation being H+. A small amount of aluminium leaching is seen in all samples 
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with the parent material showing an Si/ AI ratio of 2.66 compared to the exchanged 
samples which all show ratios of approximately 2.85. 
Table 4.10 Cbemical analyses ofzeoHte-Y materials obtained &om XRF data 
Constituent HZeoHteY FeZeoHteY CoZeoHteY CuZeolite Y 
Oxide 
%SiOz 54.62 54.34 69.28 66.49 
%~O3 17.46 16.25 21.01 19.34 
%NazO 2.03 0.50 <0.2 <1 
% FeZ0 3 - 4.61 - -
%Co3O. - - 2.73 -
%CuO - - - 4.11 
Si: AI 2.66 2.83 2.80 2.91 
For all samples a very low level of exchange is seen, and unlike the previous 
synthetic zeolites discussed, there is no evidence for surface metal hydroxide deposition. 
Assuming the iron present in the Fe sample is present as Fe(III) only 50% of the cation 
charge within the structure is due to Fe. With the copper and cobalt materials this figure 
drops to 25% assuming Co(III) and Cu(II). This poor level of exchange is not due to 
lack of exchangeable metals in solution; it is well documented that it is difficult to fully 
exchange zeoHte-y5 as it has a high affinity for H+. 
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From the thermal analysis data shown Figure 4.9 it can be seen that gradual loss 
of surface water occurs between 100 - 250°C amounting to 32% of the total mass. 
Additional mass loss is gradual above this temperature. 
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Figure 4.9 TG and DTA curves for zeolite-Y 
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The spectrum obtained from 29Si MAS-NMR of the hydrogen fonn of the 
material is rather more complex than that of Na zeolite-P and Na zeolite-A. The 
decomposed spectrum shows 5 peaks, indicative of 5 different Si environments. These 
peaks are all consistent with tetrahedral silicon. The positions, allocations and intensities 
of the peaks are shown in Table 4.11. From these values the silicon: aluminium ratio 
can be calculated as 2.27, which is slightly different to that obtained from XRF data 
(2.66). This difference is possibly due to incomplete crystallisation of the sample, 
although it could be due to use of an unsuitable reference material for the XRF data. 
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Table 4.11 Silicon environments within ZeoHte-Y &om 29Si MAS NMR 
Peak Position (ppm) Relative Intensity Silicon Environment 
-109.7 6.9 Q4 (0 AI) 
-106.4 32.9 Q't (1 AI) 
-101.2 41.1 Q4 (2 AI) 
-95.1 14.9 Q4 (3 AI) 
-89.1 4.2 Q4 (4 AI) 
The 27AI MAS-NMR spectrum obtained from H zeolite-Y, shown in Figure 4.10 
was very interesting. This showed a peak due to tetrahedral aluminium at 59 ppm as 
would be expected for a zeolite. A peak due to octahedrally coordinated aluminium6 is 
also observed which is probably due to [AI{H20)J3+ trapped within the pores7• A third 
peak is observed between the tetrahedral and octahedral peaks, which is probably due to 
5-coordinate aluminium. 
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Figure 4.10 The 27 AI MAS NMR spectrum of zeolite-Y 
MQ-MAS (Multiple Quantum Magic Angle Spinning) NMR studies (spectrum 
shown in Figure 4.11) enable this central peak to be resolved and show it to lie at :::: 30 
ppm. This has been previously observed in zeolite Y, and has been assigned to 
al · . 189 10 amotphous umlOa matena . . . 
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Figure 4.U The 27 AI MQMAS NMR spectrum of zeolite-Y 
4.3.4 Zeolite X Materials 
From the data shown in Table 4.12 it can be seen that the counterion in zeolite-
X greatly affects the gas adsorption properties of the material With iron as the 
counterion the specific surface area and Gurvitsch pore volume are greatly reduced, this 
trend is the same as that seen for zeolite-Yo With copper as the exchanged species, the 
decrease is slight but significant; this is unlike results observed for zeolite-Y, where 
exchange with copper lead to a doubling of the specific surface area. As with zeolite-Y, 
after exchange with cobalt the surface properties are essentially unaltered. 
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Table 4.12 N2 sorption data for zeolite-X materials 
Sample BET specific Langmuir surface Gurvitsch pore volume 
surface area area (m2 g_l) (cm3 g-~1O-4) 
(m2 go!) 
Na Zeolite-X 450 640 1.972 
Fe Zeolite-X 8.3 12 0.069 
Co Zeolite-X 430 610 2.130 
Cu Zeolite-X 310 44 1.639 
The isothenns shown in Figure 4.12 are essentially of Type I, indicating a simple 
microporous surface. 
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Figure 4.12 Nz sorption isotherms for zeolite-X materials 
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As with zeolite-P materials, a decrease in the crystallinity of zeolite-X materials is 
seen in the XRD patterns (shown in Figure 4.13) upon ion-exchange. Iron exchanged 
samples show the most marked decrease in crystallinity, but peaks are less intense and 
also broader in both the copper and cobalt exchanged samples. Unlike zeolite-Y 
materials there is no change in the cell parameters after ion-exchange as shown in Table 
4.13. This is at first glance surprising because the only difference between zeolite-X and 
zeolite-Y is the silicon: aluminium ratio; the crystal structure is exactly the same and 
hence it would be expected that cation exchange would yield similar results. This is in 
fact due to the slightly longer length of the Al- 0 bond compared to the Si - 0 bond, 
(1.74 A and 1.62 A respectivelyll), which would mean that the difference in counter-ion 
size would affect the cell parameters of zeolite-X less, as it contains more aluminium 
and hence the cell parameters are that much larger. The cell parameters of the parent 
material shown in Table 4.13 are in agreement with those previously reported4• 
Table 4.13 Cell parameters ofzeolite-X materials 
Material a = b= c(A) 
Na Zeolite-X 24.958(9) 
Fe Zeolite-X 24.96(3) 
Co Zeolite-X 24.958(4) 
Cu Zeolite-X 24.958(7) 
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Figure 4.13 XRD profiles of zeolite-X materials 
X-ray fluorescence analysis data for zeolite-X materials are presented in Table 
4.14. As with other synthetic zeolites, the negative framework charge of N a zeolite-Xis 
not completely balanced by Na+ hence another cation, probably H+ is acting as a charge 
balancer. The only exchanged sample to show aluminium leaching is the cobalt sample 
in which the Si/ AI ratio increases very slightly from 1.25 in the parent material to 1.31 in 
the exchanged sample. 
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Table 4.14 Chemical analyses for zeolite-X materials (XRF) 
Constituent Na Zeolite X Fe Zeolite X Co Zeolite X Cu Zeolite X 
Oxide 
%SiOz 36.01 29.97 42.07 36.19 
%Alz0 3 24.32 20.86 27.29 25.67 
%N~O 13.48 6.55 6.42 2.03 
% Fez0 3 - 12.43 - -
% Co3O. - - 14.33 -
%CuO - - - 19.42 
Si: AI 1.25 1.22 1.31 1.19 
The only material to show significant cation excess is the iron sample; both the 
cobalt and copper samples show only very slight deviations from neutrality assuming 
that both are present in the II oxidation state. In zeolite-Y the iron exchanged sample 
showed no evidence for surface deposition of hydroxides, and the level of exchange in 
the cobalt exchanged sample suggest that it is incorporated as Co(III). It is also 
interesting to note that there is still a small amount of sodium present in the Cu-
exchanged zeolite-X material; for all previous zeolites copper exchange has resulted in 
the removal of all sodium present. 
From data presented in Figure 4.14, it can be seen that a gradual mass loss 
totalling 20% occurs up to 350·C. 1bis mass loss is due to loss of surface and adsorbed 
water. No further mass loss is observed above this temperature. 
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In the decomposed 29Si MAS-NMR spectrum of Na zeolite-X five peaks can be 
clearly observed; from the positions and intensities of these peaks, (shown in Table 
4.15) the silicon: aluminium ratio is calculated as 1.32, this compares reasonably well 
with the value of 1.25 obtained from XRF analysis. On comparison with the spectrum 
obtained for zeolite-Y it can be seen that both show five peaks, but the chemical shifts 
in zeolite-Yare more negative. The relative intensities of these peaks also change as 
would be expected, zeolite-Y showing higher relative intensities at lower aluminium 
content. 
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Table 4.15 Silicon environments within Zeolite-X from 29Si MAS NMR 
Peak Position (ppm) Relative Intensity Silicon Environment 
-102.6 3.8 Q4 (0 AI) 
-98.6 5.2 Q4 (1 AI) 
-93.8 17.2 Q4 (2 AI) 
-89.0 30.9 Q4 (3 AI) 
-84 42.8 Q4 (4 AI) 
The 27 AI MAS-NMR spectrwn of Na zeoute-X was very simple, with a single 
peak at 59.4 ppm. llis shows that all aluminium in this sample is present as tetrahedral 
(framework) aluminium; this is in contrast to the zeolite-Y sample, which showed 
tetrahedral, octahedral and 5-coordinate aluminium (the S-coordination indicating 
amorphous alumina content). 
4.3.5 Synthetic Mordenite Materials 
The sorption data for synthetic moroenite materials (Table 4.16) show that the 
specific surface areas and pore volumes increase in the oroer Na< Cu:::::Co<Fe, which is 
consistent with expected results. 'fhis trend is expected because Fe31 is not only trivalent 
but is also small, hence for every three bulky Na + removed only one small Fe3+ is 
inserted. As the sizes of Cu2+ and C02+ are so similar and they are both divalent cations 
it is expected that the specific surface areas will be almost identical, and this is evident in 
the data. 
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Table 4.16 N2 sorption data for synthetic mordenite materials 
Sample BET specific Langmuir surface Gurvitsch pore volume 
surface area area (m2 gol) (cmJ g°lx 10~ 
(m2 gol) 
Na Mordenite 260 360 1.260 
Synthetic 
Fe Mordenite 300 420 1.394 
Synthetic 
Co Mordenite 280 400 1.361 
Synthetic 
Cu Mordenite 280 400 1.305 
Synthetic 
It can be seen from the N2 sorption isotherms plotted in Figure 4.15 that ion-
exchange does not alter the shape of the isotherms and hence does not alter the pore 
structure of the zeolite. The isotherms are of Type I with some mesoporous 
characteristics. These mesopores are thought to be void spaces between individual 
particles in the agglomerate. The hysteresis loop are of type H3, implying that the pore 
structure is disordered. 
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It can be seen from the XRD pro@es shown in Figure 4.16 that the process of 
ion-exchange does not damage the crystalline nature of the zeolite. The peak present at 
31.7 0 in the exchanged samples and not present in the sodium fonn is that of NaCl 
which had been used as an internal standard. It can also be seen that the cell parameters 
are not altered during ion-exchange as shown in Table 4.17. These parameters are 
similar to those reported previouslyl2. 
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Table 4.17 Cell parameters of synthetic mordenite materials 
Material 
Na Mordenite Synthetic 
Fe Mordenite Synthetic 
Co Mordenite Synthetic 
Cu Mordenite Synthetic 
5 10 15 20 
a (A) 
18.08(1) 
18.07(6) 
18.08(3) 
18.08(6) 
25 30 35 
b(A) c(A) 
20.44(1) 7.517(4) 
20.44(2) 7.517(9) 
20.44(7) 7.518(8) 
20.44(4) 7.517(3) 
[=--Cu Synthetic Mordenite 1---Co Synthetic Mordenite 
I Fe Synthetic Mordenite 
t=-- Na Synthetic Mordenite 
40 
Figure 4.16 XRD profiles of synthetic mordenite materials 
Chemical compositions of synthetic mordenite materials are summarised in 
Table 4.18. It can be seen that the ion-exchange process does not completely remove 
the sodium present in any of the samples. The results show varying degrees of 
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aluminium leaching from the samples; the parent material has a Si/ A1 ratio of 6.28 
whet:eas the cobalt sample has a ratio of 7.05; the u:on and copper exchanp;ed samples 
are between these two values with ratios of 6.39 and 6.47 t:espectively. It is intet:esting to 
considet: the powder XRD pt:06.1es shown in Figut:e 4.16, which lack the loss of 
crystallinity usually associated with dealumination. Ass~ that all the exchanged ions 
are in the +2 oxidation state, it can be seen that there is no cation excess within any of 
the samples; this is in contrast to many of the materials previously discussed 
Table 4.18 Chemical analyses of synthetic mordenite materials obtained from XRF data 
Constituent Na Synthetic Fe Synthetic Co Synthetic Cu Synthetic 
Oxide Mordenite Mordenite Mordenite Mordenite 
% SiOz 69.38 64.90 79.62 79.71 
%~O3 9.37 8.62 9.59 10.45 
%NazO 5.19 1.84 2.37 2.24 
% Fez0 3 - 4.82 - -
% Co3O .. - - 4.20 -
%CuO - - - 4.65 
Si: AI 6.28 6.39 7.05 6.47 
From the TG curve shown in Figut:e 4.17 it can be seen that appt:Oximately 13% 
of the mass of the raw material is ad orbed surface water, which is lost between 100 -
350·C. No further mass loss is observed above this temperature. 
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Figure 4.17 TG and DTA curves for synthetic mordenite 
The decomposed 29Si MAS-NMR spectra recorded for Na synthetic mordenite 
showed only three peaks. The most intense peak was at -105.9 ppm and is assigned to 
silicon in a Q4 (1 AI) environment, the second most intense peak is assigned to a Q4 (0 
AI) environment and was observed at -112.5 ppm. The peak of least intensity was that 
assigned to a Q4 (2 AI) environment which was observed at -98.4 ppm. From this data 
the silicon: aluminium ratio was calculated as 5.94, which is in reasonable agreement 
with the value obtained from XRF (6.28). 
The spectrum observed from 27AI MAS-NMR of the sodium form of the 
material was very simple; a single peak at 54.4 ppm indicated all aluminium present is 
tetrahedrally coordinated (framework) aluminium. 
4.3.6 Natural Mordenite Materials 
The data presented in Table 4.19 show that the process of ion-exchange appears 
to decrease the specific surface area for cobalt and copper exchanged samples; the 
decrease, however, is small for the cobalt sample and not necessarily significant. The 
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pore volumes for the materials increase in the order Na < Cu < Co < Fe as would be 
expected from the ionic radii of the exchanged cations. It can be seen that with iron as 
the countenon, the specific surface area and Gurvitsch pore volume increase slightly, 
although the increase in these is not as large as would be expected 
This very small increase in specific surface area is probably due to the low level 
of ion-exchange that has taken place and the relatively high specific surface area of the 
unexchanged material The high specific surface area of the unexchanged material is due 
to the presence of counterions other than sodium being present; &om XRF it can be 
seen that this material contains a relatively high proportion of ions such as Fe3+ which 
have a high charge density. This is also the reason for the slight decrease in specific 
surface area upon cobalt and copper exchange. 
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Table 4.19 N2 sorption data for natural mordenite materials 
Sample BET specific Langmuir surface Gurvitsch pore 
surface area area (m2 gl) volume 
(m2 g-I) (cm'g-~10~ 
Mordenite 57 81 3.194 
Natural 
Fe Mordenite 62 89 5.799 
Natural 
Co Mordenite 52 74 5.520 
Natural 
eu Mordenite 36 52 4.801 
Natural 
It can be seen from the isotherms shown in Figure 4.18 that, although the 
specific surface area is altered slightly by the process of ion-exchange, the actual form of 
the isotherm, and hence the pore structure, is not significantly altered. The isotherms are 
of Type I with some mesoporous character, with small hysteresis loops of type H3, 
implying a disordered pore structure. 
Comparison of the texture of the natural and the synthetic motdenite materials 
leads to several conclusions. Fitstly it should be noted that the specific surface areas and 
Gurvitsch pore volumes of the natural materials are much lower than those of the 
synthetic materials. The pore structure is also more ordered in the synthetic material as 
would be expected due to the regulation of synthesis conditions. It is poSSIble that both 
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of these differences are due to the incorporation of other materials within the pores or 
surface coating and pore blocking of the natural material, although no crystalline 
impurity materials have been observed via XRD. 
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Figure 4.18 N2 sorption isotherms for natural mordenite materials 
It is also interesting to compare the influence of ion-exchange on the specific 
surface area of the two materials. In the synthetic material the specific surface area 
increases upon ion-exchange with all metals, whereas with the natural materials the 
specific surface area is almost halved upon copper exchange, remains approximately the 
same after cobalt exchange, and increases upon iron exchange. 
As with the synthetic mordenite materials, the XRD profiles of the ion-
exchanged samples (Figure 4.19) do not differ in any way from that of the parent 
material; the peak present at 31.7" in the exchanged materials is again due to the internal 
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standard (NaCl). Cell parameters are close to those previously reportedl2 and remain 
unchanged after ion-exchange as shown in Table 4.20. 
Table 4.20 Cell parameters of natural mordenite materials 
Material a (A) b(A) 
Na Mordenite Natural 18.13(2) 20.50(2) 
Fe Mordenite Natural 18.13(9) 20.49(6) 
Co Mordenite Natural 18.13(5) 20.50(3) 
Cu Mordenite Natural 18.13(6) 20.50(8) 
,------------------- - --- -
5 10 15 20 25 30 
[
- Cu Morden.ite Narural --Co Morden.ite Narural 
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Figure 4.19 XRD profiles of natural mordenite materials 
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X-ray fluorescence analysis data for natural mordenite materials is presented in 
Table 4.21. From these results it can be seen that only low levels of ion-exchange are 
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observed Only magnesium has been completely removed from the samples. It is 
thought that this low level of ion-exchange is due to the large particle size of this 
material. No sample shows cation excess, and the results shown indicate that both 
cobalt and iron are present in the +3 oxidation state. AD materials show an H+ content. 
Relatively high levels of aluminium leaching are seen in all exchanged samples; 
the parent material has a Si/ AI ratio of 3.71 whereas the iron sample, which shows the 
highest degree of leaching, has a ratio of 4.91. The copper and cobalt samples show 
ratios of 4.55 and 4.68 respectively. It is surprising that the levels of AI leaching are so 
high considering the large agglomerate size of this material. 
It is interesting to compare the two motdenite materials used in this study. 'The 
synthetic material has the higher Si/ AI ratio and yet consistendy shows a hip;her degree 
of ion exchange, this is probably due to fewer competing cations (some divalent cations 
are already present in the natural material). Results for the synthetic motdenite samples 
suggest that both cobalt ~d iron are present in the +2 oxidation state, whereas for the 
natural material the results suggest +3. 
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Table 4.21 Chemical analyse. for natural mordenite materialt (XRF) 
Constituent Natural Fe Natural Co Natural Cu Natural 
Oxide Mordenite Mordenite Mordenite Mordenite 
%Si02 67.73 68.39 75.30 75.63 
%Al:tO, 12.04 11.82 13.68 14.13 
%N~O 1.26 0.96 1.82 <1 
%KzO 3.80 3.29 - 3.34 
%CaO 1.47 1.33 - 1.48 
%MgO 0.27 0.24 
- -
%F~03 1.58 2.02 - 1.97 
% Co30. - - 0.55 -
%CuO - - - 0.78 
Si :Al 3.71 4.91 4.68 4.55 
Both mordenite materials show aluminium leaching on exchange with all three 
cations. The degree of leaching is generally higher in the natural material, which is 
probably due to the higher AI loading in this material In the natural material, iron 
exchange shows the greatest degree of leaching, whereas in the synthetic material it 
shows the least degree of leaching. In the synthetic material the degree of leaching is 
highest for cobalt. 
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From the thennal analysis data presented in Figure 4.20 it can be seen that there 
is very little mass loss (approximately 9%) shown by this sample, implying that there is 
only a very small amount of adsorbed surface water compared with other zeolites 
studied in this work. This could be due to the larger agglomerate size of this material, in 
that water has not been able to penetrate to the centre of the particles and so has only 
been adsorbed in pores at the exterior of the agglomerate. On comparison of the two 
mordenite materials, it can be seen that synthetic mordenite shows a slightly higher 
percentage of adsorbed water, but this water is less tightly bound to the structure and so 
is lost at a lower temperature. 
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Figure 4.20 TG and DTA curves for natural mordeoite 
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Results from the decomposed 29Si MAS-NMR spectrum of the unmodified 
material show that four distinct silicon environments are present. These are summarised 
in Table 4.22. From these results the silicon to aluminium ratio can be calculated as 4.02, 
which compares reasonably well with that obtained from XRF data (3.71). The slight 
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disparity is due to amorphous aluminium hydroxide, which is observed via XRF but not 
via 29Si MAS-NMR, it is however observed via 27Al MAS-NMR. 
Table 4.22 Silicon envUomneBlB within natural mordenite from ZtSi MAS NMR 
Peak Position (ppm) Relative Intensity Silicon Environment 
-111.9 29.5 Q~ (0 Al) 
-105.5 51.2 Q4 (1 Al) 
-9R.R 9.9 Q~ (2 A1) 
-93.5 9.5 Q4 (3 Al) 
The 27Al MAS-NMR spectrum obtained from the unmodified natural mordcnite 
material showed a peak at 54.4 ppm due to tetrahedral (framework) aluminium, but also 
showed a small peak at 0.0 ppm due to octahedrally coordinated aluminium, probably 
[Al(H20)6t+ present within the pores, but it could be due to other contaminants in a 
natural mineral. 
4.3.7 Clinoptilolite Materials 
It can be seen from the data reported in Table 4.23 that the specific surface area 
of the parent sample is very low. This is increased sJightly upon ion-exchange with iron, 
and doubled upon ion-exchange with copper; this trend is mirrored in the pore volume 
data. 
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Table 4.23 N2 sorption data for natural clinoptilolite materials 
Sample BET Langmuir surface Gurvitsch pore 
specific surface area (m
2 g-) volume 
area (m2 g") (eml g''x 10~ 
Oinoptilolite 16 23 2.610 
Fe C1inoptilolite 24 34 3.808 
Cu Clinoptilolite 29 42 4.911 
The isotherms obtained from clinoptilolite materials, shown in Figure 4.21, are 
all of type II with hysteresis loops of type H3 indicating a disordered pore structure. 
This disorder is probably due to the nature of the material, with impurities possibly 
blocking pores or coating the surface. No alteration in the shape of the isotherm is seen 
upon ion-exchange implying that the surface structure remains unaltered. 
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Figure 4.21 N2 sorption isotherms for natural clinoptiJolite materials 
The XRD patterns of clinoptilolite materials (Figure 4.22) show that ion-
exchange does not alter the crystallinity of this material in any way. This is quite 
probably due to the low levels of cation exchange observed for clinoptilolite, as shown 
by XRF data, in Table 4.24. Although no evidence is seen via XRD for impurities, it is 
thought that these are too amorphous to show Bragg scattering. Due to the nature of 
the material unambiguous cell parameters could not be calculated, however the data are 
in agreement with that previously reported for clinoptilolite materials13. 
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Figure 4.22 XRD profiles of natural clinoptilolite materials 
The results obtained by X-ray fluorescence on clinoptilolite materials are 
summarised in Table 4.24. It can be seen that only low levels of exchange occurred and 
hence it is thought that only surface exchange of cations took place in clinoptilolite 
materials. Also no one ion was exchanged preferentially over another; for all of the 
counter-ions found in natural clinoptilolite there was a small drop in the amount present 
in the exchanged samples compared to the unexchanged form. It would ordinarily be 
expected that the counter-ion for which clinoptilolite has the lowest affinity would be 
removed preferentially on exchange. 
The Si/ AI ratios of the samples suggest a small degree of aluminium leaching 
occurred; this was more significant for the copper exchanged sample (Si/ AI = 4.90) 
than for the iron exchanged sample (Si/ Al = 4.71). The parent material has a Si/ Al ratio 
of 4.50. None of the samples show either cation excess or deficiency, and so for all 
samples it appears that the copper and iron are present as Cu(II) and Fe(II), however it 
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is possible that the iron is present as Fe(III) within the zeolite structure and there are 
surface depositions of hydroxides and oxyhydroxides. 
Tcable 4.24 Chemical analyses of natural ctinoptiloJite materials (XRF) 
Constituent Natural Fe Natural Cu Natural 
Oxide Clinoptilolite Clinoptilolite Clinoptilolite 
%SiOz 65.41 65.28 71.52 
%~O3 12.33 11.77 12.38 
%NazO 0.55 0.31 <1 
%~O 1.58 1.57 1.86 
%CaO 3.22 2.46 2.66 
%MgO 0.88 0.80 1.19 
% Fez0 3 1.43 2.80 2.08 
%CuO - - 1.67 
Si :Al 4.50 4.71 4.90 
From the theanal analysis curves shown in Figure 4.23 it can be seen that 3 
distinct mass losses are observed in clinoptilolite up to 500'C; these are losses of, in 
order of volatility, unbound water within the pores, bound water within the pores and 
surface hydroxyl groups. The tot3l water content of the sample is therefore 12%. 
120 
Hazel Rudge-Pickard Cbapter 4. Characterization 
100 ~---------------------------------------
95 +-------~~----,,~---
I DTA J 
- TG 
90 +---------,,~------~~---------------
50 100 150 200 250 300 350 400 450 500 550 600 650 
T / °c 
Figure 4.23 TG and DT A curves for clinoptilolite 
The 29Si MAS-NMR spectrum obtained from unmodified clinoptilolite showed 
three clear peaks and a shoulder. Upon decomposition four peaks were observed which 
have been assigned as shown in Table 4.25. From these data the silicon : aluminium 
ratio can be calculated as 3.00, which is significantly different to that found from XRF 
data (4.50). This disparity is possibly due to the presence of phylosilicates trapped within 
the pores, although it could possibly be due to the use of inappropriate references for 
XRF analysis. 
Table 4.25 Silicon environments within clinoptilolite from 29Si MAS NMR 
Peak Position (ppm) Relative Intensity Silicon Environment 
-112.8 12.3 Q4 (0 AI) 
-106.8 54.1 Q4 (1 AI) 
-100.6 21.6 Q4 (2 AI) 
-96.2 12.0 Q4 (3 AI) 
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27Al MAS-NMR of the unmodified clinoptilolite material showed a large peak at 
55.0 ppm, representinA tetrahedral framework aluminium, and a small peak at 0.6 ppm 
due to octahedrally coordinated [Al(H20)6f+ present within the pores and impurities. 
4.4 Characterisation of M41S Materials 
The sorption data presented in Table 4.26 shows that all samples have high 
specific surface areas and pore volumes, as would be expected for mesoporous materials. 
The lowest specific surface area solid is that synthesised with copper as the catalytic ion 
with the value being approximately half that of the specific surface area observed for the 
majority of M41S materials synthesised in this study. Conversely V-MCM-41 shows an 
extremdy high specific surface area and pore volume. 
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Table 4.26 N2 sorption data for M415 materiaJa 
Sample BET specific surface area Gurvitsch pore volume 
(m2 got) (cm3 got) 
Si-MCM-41 1400 0.762 
Al-MCM-41 1000 0.589 
Ti-MCM-41 1100 0.640 
V-MCM-41 1500 0.818 
Cr-MCM-41 1000 0.693 
Mn-MCM-41 1300 0.709 
Fe-MCM-41 1100 0.612 
Co-MCM-41 970 0.792 
Cu-MCM-41 530 0.335 
From the isotherms shown in Figure 4.24 it can be seen that the sur&ce 
structure of each material is very slightly different. The isotherms are all of type IV 
indicating mesoporosity. Some materials, such as Co-MCM-41 show large hysteresis 
loops, whereas othetS, like Ti-MCM-41 do not show hysteresis. The observed hystereses 
are Jargely of type H2 implying that the pore structure is not entirely regular and rather 
complex. 
Although the traditional definition of a type IV isotbean has a hysteresis loop, a 
distinctive feature of M41S-type materials is the lack of hysteresis i.e. reversibility of the 
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isothenn 14. Although the reason for this reversibility is not well understood, it is thought 
that it is due to the relative pressure of the capillary condensation step (p / po :::: 0.4). It 
is believed that this is the lowest relative pressure at which classic capillary condensation 
can take place for nitrogen under the reaction conditions. This relative pressure 
represents a region of relative instability in the nitrogen meniscus 1\ and it is believed 
that if M41S materials of widely varying pore diameters were analysed, or the analysis 
temperature altered significantly, hysteresis would be observed. 
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Figure 4.24 N2 sorption isotherms for M41S materials 
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Powder X-my diffraction was carried out on all M41S materials before and after 
surfactant extraction. A comparison of these is shown in Figure 4.27 where it can be 
seen that although the same reflections are evident, there is a slight increase in the 
intensity of reflections after calcination and a higher 26 value is then observed for each 
reflection. These two differences are expected; the increase in intensity of the reflection 
after calcination is due to the increased contmst between the pore wall and the pore, and 
the higher 26 value after calcination is because there is a slight contmction of the pore 
after removal of the template. 
From the XRD pattem in Figure 4.25 it can be seen that there are two different 
types of reflection: (~ those at low angles which are caused by reflections from the 
hex3AQnal aaay of pores in MCM-41 and (it) the "hump" centred around 21° and due to 
the amotphous mass of silica within the walls of MCM-41. Both reflections were seen in 
all M41S materials; the low angle reflections of all M41S materials are shown in Figure 
4.26. For all materials, the wide angle profile showed no evidence of tmnsition metal 
oxide reflections, implying that all transition metal centres are incorporated into the 
framework structure or are present as amotphous impurities. 
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Figure 4.25 Wide qle XlU) profiJc of Si-MCM-41 
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From the patterns shown in Figure 4.26 it can be seen that for all materials a d,oo 
peak is observed at approximately 2.2S o. In many cases there are also peaks at 
approximately 3.7So and 4.5" due to the d"o and dzoo reflections respectively. There is 
much variation in the width of the peaks present. For V-MCM-41 a sharp intense d,oo 
peak is observed, whereas for Ti-MCM-41 this peak is of low intensity and very broad 
showing this sample to be less well ordered. 
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Figure 4.26 Low angle powder XRD patterns of surfactant-extracted M415 materials 
For several samples calcination was carried out at various temperatures, in the 
range 400°C - SSO°c. From BET analysis it can be seen that specific surface areas 
decrease with increasing calcination temperature; in fact it can be seen in Table 4.27 that 
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decreasing the calcination temperature for Mn-MCM-4l by 90'C can most double the 
BET specific surface area. 
Table 4.27 A1teradonl in BET specific surface area with calcin.tion temperature 
Calcination temperature 'C BET specific surface area m2 g-' 
450 1300 
540 710 
From powder XRD profiles of the materials it can be seen that the 
"crystallinity" of the samples also decreased, as the number and intensity of peaks 
decreased with increasing calcination temperature. This can clearly be seen in Figure 
4.27, in which XRD profiles of Mn-MCM-41 calcined at 54O'C (Mn-MCM-41 SE 
(54O'C)) and 450'C (Mn-MCM-41 (450')) are compared with an uncalcined sample 
(Mn-MCM-41 AS). The a/Oo peak for the sample calcined at 450'C is of higher relative 
intensity, has a narrower peak width and is at a lower 26 value than the corresponding 
peak for the sample calcined at 54O'C. 
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Figure 4.27 XRD profiles OfVariOU8 Mn-MCM-41 materials 
FT-IR analysis was carried out on all M41S materials in order to determine 
template removal and also the location of incorporated transition metal ions. The 
observed bands are shown with assignments in Table 4.28. In all cases those peaks due 
to the template were not observed after calcination. The presence of the Si-O-M bend 
shows that the transition metal has in all cases been incorporated into the framework of 
the material and is not present as separate oxide particles (in agreement with powder 
XR.D data). 
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Table 4.28 Aaaip.mentl of FI' -IR band. ohlerved for M4ts materials 
Wavenumber / em-' Assignment 
3500 - 3340 O-H Stretch 
2925 - 2915 C-H Stretch (femplate) 
2855 - 2850 C-H Stretch (femplate) 
1665 -1630 H-O-H Deformation (Scissoring) 
1495 -1465 R-N-(CHJ3 Deformation (femplate) 
1385 -1375 Si-O-Si Stretch 
1250 -1240 Si-O-C Stretch 
1230 -1175 M-O Stretch / M-OH Stretch 
1095 - 1045 Si-O-M Bend 
X-ray fluorescence data obtained for M41S materials is summarised in Table 4.7. 
From the results presented it can be seen that although the ratio of silicon to copper and 
cobalt is constant (Si/M = 9.63), rather less iron is incorporated into the final structure 
(Si/Fe = 10.38). It is interesting to note that the iron sample is the only M41S sample in 
which any significant amount of Na is present, which could account for the lower 
incorporation of Fe. Unlike in the zeolite samples in which the transition metal centres 
acted as counter-ions, the active centres in M41S materials are incorporated into the 
silica framework. 
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Table 4.29 Chemicalanaiy8e8 ofM4ts materials obtained fiom XRF data 
Constituent Oxide Fe-MCM-41 Co-MCM-41 Cu-MCM-41 
%SiOz 71.71 85.64 71.75 
%N~O 1.85 <0.2 <1 
% FeZO, 9.16 - -
% Co,O. - 11.89 -
%CuO - - 9.85 
Thennogravimetty was carried out on Si-MCM-41 before calcination. The DTA 
and % mass traces are shown in Figure 4.28. Four separate mass losses are observed, 
corresponding to an overall mass loss of approximately 55 %. The first mass loss, 
occurring up to approximately 250·C represents the loss of physisorbed surface water, 
and accounts for the loss of approximately 5% of the total mass. A highly exothennic 
mass loss is then seen which can be broken down into two separate mass losses, (i) 
between approximately 250·C and 350·C and (it) between 350·C and 450°C. These two 
mass losses can be attributed to the oxidation of the organic template and make up 
approximately 40% of the total mass of the sample. The two losses have been ascribed 
to loss of the carbon chain, and then loss of amine at higher temperaturest5• The final 
mass loss of about 10% of the total mass occurs between 450°C and 625°C and can be 
attributed to pore and surface dehydroxylation / condensation. 
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Figure 4.28 TG and DTA curves for As-Synthesised Si-MCM-41 
MAS NMR studies were carried out on the four major M41S materials. 13C 
MAS-NMR was carried out on both the as-synthesised and the surfactant-extracted 
forms of Si-MCM-41 in order to confirm conclusions from FT-IR data as to whether 
complete template removal had been achieved. As all samples were calcined in the same 
manner, it is assumed that the degree of template removal will be comparable in all 
materials. 
In the HC MAS-NMR spectrum of the as-synthesised material seven peaks can 
be seen; these relate to seven distinct carbon environments within the template molecule 
and have been assigned as shown in Table 4.30. The carbon assignments are shown in 
Figure 4.30. 
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Figure 4.29 The DC MAS NMR spectrum of as-synthesised Si-MCM-41 
Table 4.30 CQI'bon environments within as-synthesised Si-MCM-41 from DC MAS NMR 
Peak Position (ppm) Carbon Environment 
14.5 Cl 
23.2 C2 
26.9 C3 
30.5 C4-C14 
32.5 C15 
54.0 C17 
66.9 C16 
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Figure 4.30 The cetyl trimethyl ammonium cadOD 
From the 13C MAS-NMR of the surfactant-extracted material, it can be seen that 
virtually all of the template has been removed. There is, however, a trace remaming, 
evident in a small peak at 30.1 ppm and another extremely small peak at 53.6 ppm. It 
should be noted that the higher trace in Figure 4.31 is 50 x the lower trace, which was 
recorded after 50% more acquisitions than the spectrum for the as-synthesised material 
shown in Figure 4.29. It is not believed that structural breakdown of the remainder of 
the template is occurring, simply that no other peaks are visible due to the extremely 
low concentration of template within the sample. 
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Figure 4.31 The IlC MAS NMR spectrum of swfactant-extracted Si-MCM-41 
The decomposed 29Si MAS-NMR spectra of as-synthesised and surfactant-
extracted Si-MCM-41 show that in both cases, three different silicon environments are 
present. The relative occupancies of these sites alter slightly, as do the chemical shifts 
(Table 4.31). It is interesting to note that the proportion of Q4 sites increases on 
removal of the template. This is expected, as the template is positively charged and so in 
as-synthesised material negatively charged oxide groups are attached; on removal of the 
template more Si - 0 - Si bridging bonds are fonned increasing the number of 
complete tetrahedra. The slight lowering of the chemical shift for each environment is 
due to the removal of the template. 
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Table 4.31 Silicon cnvUoomeDlI witlUn .... yntbeeiled (AS) and surfactant-extractecl (SE) 
Si-MCM-41 materiaJa 
Q" <t <l 
ppm Intensity ppm Intensity ppm Intensity 
Si-MCM-·U AS -10S.S 44.4 -9S.S 46.1 -S9.6 9.5 
Si-MCM-41 SE -110.7 65.4 -101.4 32.2 -91.7 2.4 
29Si MAS NMR spectra were also recorded for three of the transition metal 
modified, surfactant extracted, materials namely Fe-MCM-41, Co-MCM-41 and Cu-
MCM-41. Fe-MCM-41 showed three peaks and a shoulder, all in the range -45 and -65 
ppm. Upon decomposition these were resolved into four peaks which were assigned as 
shown in Table 4.32. These shifts are much higher than those seen in any other MAS-
NMR spectrum in this work due to the paramagnetic shift associated with the presence 
of iron. 
Table 4.32 Silicon enviroDJDenll within smfactant-cxtncted Fe-MCM-41 
Peak Position (ppm) Relative Intensity Silicon Environment 
-65.6 30.3 Q4 
-58.2 40.5 Q' 
-53.7 22.7 Q~ 
-49.4 6.5 QI 
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For Co-MCM-41 three peaks were observed, which upon decomposition of the 
spectrum were assigned as shown in Table 4.33. From comparison of these results with 
those found for Si-MCM-41 it is noted that both the position and re1ative intensity of 
the Q3 and Q4 peaks is slighdy different, whereas the chemical shift of the Q2 peak is 
almost identical. This indicates that the cobalt is next to Q3 and Q4 silicon atoms rather 
than Q2 centres. The decrease in relative intensity of the Q4 peak shows a lower level of 
saturation in the cobalt material. 
Table 4.33 Silicon enviroDmen1l within .wfactmt-extrac:ted Co-MCM41 
Peak Position (ppm) Relative Intensity Silicon Environment 
-108.7 48.8 Q4 
-98.8 40.5 Q3 
-91.6 10.7 Q~ 
Cu-MCM-41 also showed two peaks and a shoulder, upon decomposition of the 
spectrum, the three peaks have been assigned as in Table 4.34. On comparison with the 
peaks observed for Si-MCM-41 it can be seen that the position of the peaks is decreased 
slightly upon copper incorporation into the structure, and that the incidence of fully 
saturated (Q~ centres decreases with copper incorporation, this mirrors the trend 
observed with cobalt incorporation. 
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Table 4.34 Silicon environmcD1l within ,urfllCtaDt-extracted Cu-MCM-41 
Peak Position (ppm) Relative Intensity Silicon Environment 
-109.1 38.2 Q4 
-98.6 57.0 Q3 
-88.2 4.8 Ql 
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Chaptet 5 
Testigg Results and DiscussioD 
This section considers the application of the previously discussed materials to 
catalytic uses. The samples were tested for their activity towards two nitrogenous 
atmospheric pollutants, hydrogen cyanide, and nitrous oxide. The detrimental 
environmental effects associated with these two pollutants were discussed in detail in 
Chapter 1. 
This chapter is split into two major sections, dealing with the two gases in turn, 
the results obtained are discussed on a parent material by parent material basis. Results 
from similar materials are compared to give an indication of factors detenn;ning activity. 
The acquired results are also compared with characterization results in order to identify 
key properties of the materials relating to their activity. 
5.1 Hydrogen Cyanide Abatement 
Samples were tested by flowing a standard concentration (8000 mg dm-~ of 
HCN in humid air (80% RH) through a standard mass (O.lSg) of sample at a flow rate 
of 50 cml min,l. Humid air was used to mimic the effect of breath on samples, as 
adsorption of water significantly decreases the activity of samples by blocking 
adsorption and catalytic sites. Results were co1lected using a gas chromatograph 
(Chrompack CP9001) with a flame ionisation detector (temperature 160°C),2mm x 2m 
column packed with poropack QS (column oven temperature 110·C). A schematic of 
the experiment2J rig used is shown in Figure 5.1. The sample was kept at a constant 
21°C, to mimic realistic usage conditions, although it should be remembered that 
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activity will be dependent upon the temperature of use. The retention time for HeN 
was 1.5 minutes and for cyanogen it was 0.9 minutes. 
HeN 80% RH Air 
Water 
8ath 
I 
Sample 
Tube 
Figure 5.1 A schematic of the HeN experimental rig 
GC 
Waste 
The breakthrough times are the earliest times for which that percentage of the 
original HeN concentration traversed the catalyst. These times are used to give a 
meaningful comparison of the activity of the sample, but it should not be inferred that 
the sample is useful for that length of time, as even at 1% breakthrough of HeN the 
effects would be fatal. A very high concentration of HeN is used, however, to mimic 
long term activity of a sample without real-time testing, hence these results do not show 
realistic lifetimes for samples in probable usage conditions. 
5.1.1 M418 Materials 
A ange of mesoporous M41S type materials were tested for activity for the 
destruction of hydrogen cyanide. The results of these tests are snmmarised in Table 5.1 
overleaf. 
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From the results shown it can be seen that the metal centre to show the most 
s~cant activity towards HCN is copper. The breakthrough times for copper 
containing samples were considerably higher than those for any other M41 S material 
This trend has been previously observed within activated carbon materials, where 
copper is the metal of choice for HeN destruction1• 2• The activities ofV-MCM-41 and 
Mn-MCM-41 are surprisingly low; these metals are generally considered to be 
catalytically active for many reactions and yet show significantly lower activities than the 
purely siliceous sample. The reasons for this poor activity are not currendy understood, 
although from the sotption studies carried out on both materials it can be seen that it is 
not due to low surface area or pore blocking effects, as both materials show a high BET 
specific surface area and large Gurvitsch pore volumes. XRD studies indicate that both 
materials have a well defined pore structure, suggesting that this is not the reason for the 
poor activity. It is possible that only low levels of metal incorporation occurred, which 
would account for the low activity (XRF analysis was not catried out on these materials). 
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Table 5.1 Activities ofM41S materials towards HCN 
Material 1% Breakthrough (8) 25% Breakthrough (8) 
Si-MCM-41 195 299 
Al-MCM-41 363 610 
Ti-MCM-41 257 473 
V-MCM-41 123 197 
Cr-MCM-41 206 588 
Mn-MCM-41 123 296 
Fe-MCM-41 307 456 
Co-MCM-41 182 336 
Cu-MCM-41 1083 1164 
Al-MCM-41 ion- 391 682 
exchanged with Cu 
Al-MCM-41 ion- 852 878 
exchanged with Cu/Co 
The activity of Cu-MCM-41 is shown in Figure 5.2. The breakthrough times for 
1 % and 25% were 1083 s and 1164 s respectively, which are significantly higher than 
that observed for any other metal-loaded M41S material eu was expected to be active 
against HeN as it is a reagent for the conversion of HeN to (CN)23 as shown in 
Equation 5.1. 
142 
Hazel Rudge-Pickard 
Cu2+ + 2CN- -+ CuCN + '/2 (CN)2 
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Figure 5.2 Activities of Cu-MCM-41 samples towards HCN 
Unfortunately this just moves the problem elsewhere, for although not as toxic 
as HCN, cyanogen is still hannful and itself needs to be removed. Cyanogen was 
observed passing through the sample; initially a high concentration was seen with no 
HCN passing through. As the conversion of HCN to (CN)2 decreased, the amount of 
HCN passing through the sample increased, as would be expected. 
High activity was also seen in samples of copper-exchanged Al-MCM-41, as 
seen in Figure 5.3. It can be seen from the plots shown that the exchange \vith Cu 
significantly increases the activity of AI-MCM-41. Again cyanogen was produced by the 
sample; it was for this reason that a run was carried out with Al-MCM-41 exchanged 
with both copper and cobalt, as it was hoped that cobalt would be able to degrade the 
cyanogen produced by the copper centres within the samples. 
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(Al-MCM-41 ie Cu) 
The common metal centre used to remove cyanogen is Cr(VI)4.5; it was hoped 
that an alternative could be found to this because of the carcinogenic nature of this 
species. Unfortunately cyanogen was still produced with cobalt present; however, the 
activity of the sample was increased suggesting that cobalt does increase the lifetime of 
the sample, possibly by removing a small amount of the cyanogen. It is interesting to 
note the steep nature of the curve for this sample, shown in Figure 5.4; whereas for the 
purely copper exchanged sample there was approximately 300 s between 1 % and 25% 
breakthrough, for the copper / cobalt mixed exchange sample the difference is only 30 s, 
showing that once deactivation begins it is a very rapid process. 
The unusual shape of the cyanogen curve is not yet thoroughly understood; the 
initial drop in cyanogen concentration is thought to be due to activity of the cobalt 
centres in the sample. It is believed that for a short period of time (10 minutes) the 
cobalt centres are able to remove a portion (approximately 25%) of the cyanogen 
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produced by the copper sample. For this reason it is thought that a higher loading of 
cobalt will increase the activity of the sample further, and either remove more of the 
cyanogen produced by the copper over the first 15 minutes of use, or extend the length 
of time at which 25% of the cyanogen is removed Either way it is anticipated that 
higher loadings of Co will increase the lifetime of the material. 
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Figure 5.4 A graph Ihowm, the ac:dvity of a Cu / Co exch40led Al-MCM-41 
5.1.2 Zeolite P Materials 
A range of ion-exchanged zeolite-P materials were tested for activity towards 
HCN, the results are summarised in Table 5.2 overleaf. 
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Table 5.2 Activities of zeolite-P materiaJI towards HCN 
Material 1% Breakthrough (8) 25% Breakthrough (8) 
Mn zeolite-P 27 68 
Fe zeolite-P 8 155 
Co zeolite-P 2 30 
Co zeolite-P (lSO"C) 69 216 
Ni zeolite-P 3 80 
Cu zeolite-P (Run 1) 1452 2814 
Cu zeolite-P (Run 2) 2448 3276 
Cu zeolite-P (Run 3) 2052 2820 
Cu zeolite-P (Average) 1983 2970 
From the table above it can be seen that only eu zeolite-P materials show any 
significant activity towards HeN. The activities for some of the samples (eo zeolite-P) 
shown in the table above are essentially meaningless as 100% HeN passed through the 
sample very rApidly after the first injection. As a reading was only taken after 2 minutes 
the line drawn between the two points will indicate that 25% breakthrough occurs after 
30 s, however it is certainly possible that 100% HeN was passing through the sample 
after 30 s. 
An alternative explanation for these poor results. other than inactivity of the 
sample, is that there could have been a through-path traversing the material; in other 
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words HCN passed through the challenge rig without meeting the sample. It is not 
implausible that this sample could have shown a through-path; the design of the 
challenge rig is such that the sample chamber is horizontal, which will increase the 
chances of a through-path, and with the fine nature of the zeolite particles care had to 
be taken to ensure that the sample was not so tighdy packed that the challenge gas could 
not pass through at a reasonable pressure. Other samples with very low activities are Mn 
zeolite-P and Ni zeolite-P; for these samples we can be certain that there was not a 
through-path through the materials as the first injection did not show 100% HCN 
breakthrough. 
An interesting comparison is that of the two Co zeolite-P samples; the sample 
that had been treated at 150"C showed a ten-fold increase in activity over that which 
had not been treated 1his is thought to be due to the sample being thoroughly 
dehydmted rather than having some adsorbed water blocking the adsorption and 
catalytic sites. The sample exhtbited a colour-chanp;e consistent with this hypothesis, the 
untreated sample was pink (hydrated C02), whereas the treated sample was blue 
(dehydrated C02). It is thought, therefore, that the activity of all samples could be 
increased with a 2 hour treatment at 150<><: to remove any adsorbed water. However, it 
must be remembered that the dehydration process would be rapidly counteracted by the 
humidity of breath and so increases in activity may not be so s1goificant for more active 
samples (as hydration will take place at approximately the same rate for all zeolite-P 
materials, hence for each sample the increase in breakthrough times will be 
approximately the same). 
Despite the relative success of Fe-MCM-41 as an HCN destroyer, Fe zeolite-P 
was not found to be a good material. It is interesting to compare these results with those 
found for copper samples, where the zeolite-P sample is much more active than the 
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M41S material; these results taken together show that the material must be tested as a 
whole. It is not possible to predict the activity of a support for one metal centre by 
observing its activity with another metal centre. The results for the iron samples are 
even more swprising, as XRF data (fable 4.7 and Table 4.29) show that the amount of 
iron is lower in the M41S material than the zeolite-P material and particle size analysis 
(fable 3.6) shows that the agglomerates are much larger in the M41S material, both of 
which suggest that the zeolite-P material should be more active. 
Results for Cu zeolite-P samples are shown in F~ 5.5; as with the copper 
M41S materials cyanogen was produced, but this production continued for a much 
longer period of time (20 minutes for Cu zeolite-P, 10 minutes for Cu-MCM-41) and 
hence the activity of the sample is much higher. Cyanogen was found to break through 
the sample within two minutes of an injection of HCN, as was seen with Cu-MCM-41. 
Although this does not initially sound promising, it means that the copper present in the 
sample is readily accessible and active. 
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Figure 5.5 Activities of Cu zeolite-P samples towards HCN 
The first three runs showed varying breakthrough times; these were, on average, 
1983 s and 2970 s for 1 % and 25% breakthrough respectively, despite using the same 
sample and challenge gas. Breakthrough times for the individual runs are shown in 
Table 5.2. These differences suggest that the reproducibility of the experiments is not 
particularly high. 
The timescale for breakthrough of 10 ppm HeN (approximately 0.15% 
breakthrough) for Run 3 is 1800 s (30 mins) which compares very favourably with data 
reported for a commercial gas mask6 which showed 10 ppm breakthrough after 40 
minutes using a challenge of only 500 ppm compared to a challenge of over 6600 ppm 
used in this study. It is also interesting to note that there is no information given 
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regarding the quantity of adsorbent used in the mask and it is quite plausible that a 
much larger quantity is used 
The latter two runs show varying breakthrough times, both to each other and to 
the initial three runs. The variation between runs is relatively easy to explain; it occurred 
because run 5 was carried out with a much higher concentration of HCN, thus reducing 
the activity of the sample significantly. The breakthrough times for run 4 were 1222 s 
and 1877 s for 1% and 25% respectively, the times for run 5 were 1027 sand 1502 s 
respectively. 
The earlier runs; 1, 2 and 3, all showed much higher activity (i.e. longer 
breakthrough times) than the later runs. These first three runs were carried out a year 
earlier than the final two runs, but the same sample was used This implies that the 
sample is decomposing or the activity is decreasing in some other way. This is probably 
because the sample has aged The sample has not been stored in a protective 
atmosphere and so it is likely that additional water has been adsorbed onto the surface 
over time thus decreasing the activity of the sample. 
This has implications for the use of this sample in respirators; a mechanism for 
preventing the sample from ageing must be found This could be a simple mechanical 
solution such as having the canister sealed in a protective atmosphere until it was 
required; it could then be easily opened up to the atmosphere by ripping off a protective 
covering. This would mean that the canisters were disposable or could only be used for 
a certain amount of time after the opening, which is the current protocol used for 
respirator sorbents. Although this is a potential problem, activated charcoals and other 
adsorbents all have this same problem. 
The activity of the Cu zeolite-P samples is much higher than that found for the 
Cu-MCM-41 material There are several possibilities to explain why this may be the case. 
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The first is that the stenc constraints within the zeo1ite-P host are more favourable for 
cyano~ production. It could certainly be that ion-exchanged copper is more active 
than structural copper. However, the most likely explanation is that the amount of 
copper in the sample is significantly lower within the M41S support than in the zeolite-P 
support. XRF data presented in Table 4.7 and Table 4.29 show that there is over 2.5 
times the amount of copper within the zeolite-P support. It is interesting to note that 
the 25% breakthrough time for Cu zeolite-P is just over 2.5 times that of Cu-MCM-41. 
This could be taken to imply that the nature of the support is essentially irrelevant. 
Alternatively, it could be concluded that the copper contained within the M41S support 
is more active, as, due to the preparation method, there will be a significant amount of 
copper trapped deep within the walls of the material and to which the HCN has no 
access. On comparing the 1 % breakthrough times, the difference in activity is not so 
large, Cu zeolite-P is only 1.8 times more active than Cu-MCM-41. This implies that the 
activity of the copper within the M41S support is exhausted faster than that within the 
zeolite-P support. 
It should be noted that the shape of the graph for the initial runs of Cu zeolite-P 
is different from that found using the Cu-MCM-41. As yet the reason for this is 
unknown, although it is possibly due to having two different sizes of cavity within the 
zeolite-P structure; one of which is less accessible than the other and so a step-wise 
curve is seen. As yet, no explanation of why the stepwise nature of this curve should 
decrease with ageing has been found, although it is possibly due to restrictions within 
the pore structure caused by adsorbed water, i.e. one cavity fiBs first. 
As the activity of Cu zeolite-P was so high, and Co(I1) had proved active for 
cyanogen removal within an M41S structure, a run was carried out with both Cu and Co 
zeolite-P present The plot from this run is shown in Figure 5.6. This sample showed 
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high activity towards HCN, although not as much activity as was hoped for. It was 
hoped that the Co zeolite-P would be able to remove the cyanogen produced by the Cu 
zeolite-P thus extending the lifetime of the sample. 
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The sample was packed into the holder so that there were two layers; the first 
that the HCN came into contact with was made up of Cu zeolite-P and the second layer 
was Co zeolite-P. It can be seen from the NCCN trace in Figure 5.6 that Co zeolite-P 
does remove cyanogen; initially just less than 50 % of the cyanogen is removed, and this 
figure decreases to approximately 25 % after 16 minutes (after which time the amount 
of cyanogen produced by the Cu zeolite-P decreases). It is possible that using a higher 
Co zeolite-P : Cu zeolite-P ratio could extend the activity of the sample further. 
The 1 % and 25% HCN breakthrough times for this mixed sample are 65 s and 
1359 s respectively. A comparison of these times with those of the standanl Cu zeolite-
P samples shows that breakthrough occurs faster with less Cu zeolite-P present, but this 
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decrease in time is not as significant as would be expected for the 25% breakthrough 
time, considering the amount of sample active for HCN conversion has decreased by 
half (Co zeolite-P showed very little activity towards HCN). This indicates that adding 
Co zeolite-P extends the life of Cu zeolite-P. 
It is also interesting to note the shape of the graph (as shown in Figure 5.6), for 
this sample. With all other samples, once breakthrough has occurred, the concentration 
of HCN passing through the sample increases steadily until a plateau is reached. 
However, with this sample, when breakthrough occurs it continues at a low level 
(approximately 2%) for 20 minutes, and then the concentration of HCN passing 
through the sample climbs steadily until the plateau is reached. This unusual pattern is 
due to the activity of Co zeolite-P towards NCCN; removing a portion of the NCCN 
prevents deactivation of the Cu material. With 50 % Cu zeolite-P present it would, 
however, be expected that breakthrough would occur later; the reason for the early 
breakthrough of HCN is not understood, although it is possible that it is due to poor 
layering of the material, such that there is a small path where only Co zeolite-P is 
present. 
These results can be compared with a study by Ansstice and Alder'. For this 
study an activated carbon impregnated with Cu2+ and ci+ was used as the adsorbent 
and the adsorption bed was subjected to intennittent treatments of 500 minutes of 
HCN exposure. The results show that cyanogen is detected after a total exposure time 
of 19500 minutes. At first glance this appears to show that the zeolite-P materials tested 
in the current study are relatively ineffective for HCN removal, however, the 
concentration of HCN used by Ansstice and Alder was low enough that this equates to 
a breakthrough time of just over 43 minutes for the concentration of HCN used in this 
work. It can be seen from the graph in Figure 5.6 that cyanogen is observed traversing 
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the sample immediately, but, as stated above, this may be due to a through-path for 
cyano~, where no Co zeolite-P was present, and so it would appear that cyano~ 
broke through immediately. It is very difficult therefore to compare the activity of these 
two materials. It is also very difficult to compare the activity of the two materials when 
they have been tested using a different concentration of HCN, using a lower 
concentration in the present work would have likely extended the activity of the sample 
further, as the cobalt would not have been overloaded as appears to currently be the 
case. Comparison is further complicated by the fact that no data concerning the 
breakthrough time of HCN is given and neither is the mass or volume of the adsorption 
bed. It is highly plausible that a much larger amount of material was used by Ansstice 
and Alder than was used in the present study and this would significantly influence the 
results. 
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Cr(VI) is thought to be a good oxidising agent for the removal of (CN)28, and so 
it was thought that allowing the Cu zeolite-P to oxidise the HCN to cyanogen and then 
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allowing the Cr-MCM-41 to remove the (CN)2 would increase the activity of the sample. 
The sample was packed in the same way as the Cu zeolite-P / Co zeolite-P sample. The 
activity of this sample is, as expected, (due to the halving of the amount) lower than that 
of Cu zeolite-P; the breakthrough times for this run were 446 s and 775 s for 1% 
breakthrough and 25% breakthrough respectively. However, these times are 
disappointing because they are less than half that of the Cu zeolite-P on its own; in 
other words, the Cr-MCM-41 has decreased the activity gram for gram of the Cu 
zeolite-P. It is not currently understood why this should be the case. Also, no decrease 
in the amount of cyanogen produced was observed, suggesting that Cr(III)-MCM-41 is 
ineffective for its removal. It is probably due to Cr(III) being present within the M41S 
&a.mework rather than Cr(VI). It is surprising, therefore, to observe that the 1 % 
breakthrough time for this sample is actually higher than that for the Cu zeolite-P /Co 
zeolite-P mix, which contained the same amount of Cu zeolite-P but showed some 
activity towards NCCN (although it should be remembered that this low breakthrough 
time may be due to poor packing). 
Unfortunately, due to the toxicity of HCN and cyanogen, it is not possible to 
characterize the samples after testing. It would have been interesting to see how the 
surface has changed; whether all adsotption and catalytic sites are blocked by water, or 
whether they are blocked by HeN; this could have been determined by Ff-IR and 
would have given an indication of the mechanism of degradation of the sample, and 
hence ways to prevent such degradation. 
5.1.3 Conclusions from HCN Testing 
From the results presented it can be seen that copper is the only metal centre 
tested to show an encouraging degree of activity towards HCN, converting it to 
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cyanogen. It can also be seen that the Cu-MCM-41 sample used in this study is not as 
active as the Cu zeolite-P sample used; it is predicted that the activity of Cu M41S 
materials will be increased significandy with higher loadings of copper, possibly after 
copper(II) ion exchange as well as structural inco!poration of copper. 
Efforts to remove cyano~ with Cr-MCM-41 were unsuccessful. However, Co 
zeolite-P gave promising results as a cyanogen converter. Although Cr-MCM-41 was 
inactive towards NCCN, it is possible that Cr-zeolite-P may be active; this study has 
shown that the nature of the host can be important in determininp; the activity of the 
overall sample. It is also believed that a sample of Cr(VI)-MCM-41 would show activity. 
5.2 Removal of Nitrous Oxide 
The catalytic testing rig used in this investigation allows nitrous oxide, helium 
and methane to be mixed in various proportions (controlled by individual Bronkhorst 
HiTech electrical valves which are controlled overall by a Bronkhorst electronic mass 
flow controller.) The sample gas is then passed through sample material in a stainless 
steel furnace tube (diameter = 1.2 em) held vertically in a Cubolite furnace. The sample 
is packed loosely between quartz wool plugs, so that the material is free to move and 
imitate a fluidised bed reactor. The exhaust gases are passed to the pneumatic sampling 
valve on the gas chromatograph, where they flow either to the instrument or to waste. A 
schematic of the experimental rig is shown in Figure 5.S. 
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Results were collected usiog a Philips PU4400 gas chromatograph fitted with an 
automated Valco W-Senes pneumatic gas sampling valve (valve oven temperature 50'C), 
and a Hayesep Q 80 - 10 mesh porous DVB non-polar packed column (2.4 m x 2.74 
mm) (column oven temperature 50'C). The detector used was a thermal conductivity 
detector (fCD) (detector oven temperature 200'C) and the carrier gas used was helium. 
Samples were taken every 3 minutes using ChromPerfect Spirit 5 data acquisition 
software l'Ull1li.og on a dedicated computer. Retention times for obselved gases are 
shown in Table 5.3. 
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Table 5.3 Retention times of observed gases 
Gas Retention time (Minutes) 
Nitrogen 0.6 
Methane 0.9 
Carbon Dioxide 1.6 
Nitrous Oxide 2.0 
Before testing commenced all samples were pretreated for foUt hoUtS at 350'C 
under flowing nitrogen. Samples were tested by flowing a standard concentration of 
nitrous oxide and methane with helium as diluent, through a standard mass (0.200g) of 
sample at a standard flow rate in helium as carrier gas (30 cm3 min'I). 
For the first phase of testing all samples were run under 1 cm3 min'l NzO and 2 
cm
3 min'l CH •. A chart showing the activities of all materials at 550·C with this mixture 
of gases is shown in Figure 5.9. This chart clearly shows that the most active samples are 
those with a mordenite support. It also shows that the reJative activity of the metal 
centres is dependent upon the support material, although as a geneml. rule it can be said 
that Co is the least active of the three transition metal centres. 
The activity of Co within motdenite and zeolite-Y supports agrees with results 
colJated by Kapteijn et a/.,9 showing that cobalt is active within a mordenite support but 
less active within zeolite-Y this trend has also been observed with copper as the 
exchanged cationlO• It is also important at this stage to note that no harmful nitrogenous 
species (NO, N02, NCCN, HCN or isocyanates) were detected with any catalytic 
sample, and also only CO2 was produced, (no CO was detected for any material), as the 
production of HCN has been reported with Cu-ZSM-5 as the catalystll• 11. 
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Figure S.9 A chart showing the activities of all samples at SSO' C towards 1 em3 min-I N 20 and 2 
cm3 min·1 CH! 
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5.2.1 Zeolite A Materials 
From the graph shown in Figure 5.10 it can be seen that for each sample 
conversion increases steadily with temperature. The only zeolite-A supported catalyst 
that shows 100% conversion for N 20 below 700'C is the iron exchanged sample at 
6S0'C. At 600'C the Co-exchanged sample is, however, more active. It has been 
previously reported that Co(11) within zeolite-A is accessible to both NO and N02 and 
these results indicate that it is also accessible to N 20 13. Fe zeolite-A shows a non-
smooth increase in conversion percentage against temperature; this is in contrast to the 
cobalt-exchanged sample, which shows a steady increase in activity with temperature. 
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Figure 5.10 A graph showing activities of zeolite-A materials towards N 20 against temperature 
It is interesting to note that the copper-exchanged sample is very slightly less 
active at high temperatures than the N a zeolite-A sample, which is surprising given the 
high activity generally observed with Cu-exchanged samples. The reason for this high 
activity for the Na sample is not currently understood; with no other synthetic zeolite 
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did the activity of the raw material reach even 10% conversion. It was initially thought 
that this result was due to experimental error, possibly due to contamination in the 
sample tube, but these results have been confirmed in repeated runs in a new tube, 
showing that Na zeolite-A is sutprisinglyactive and Cu zeolite-A sutprisingly inactive. 
The XRF data for both the copper and sodium exchanged forms show nothing 
unusual to indicate such activity; the amount of sodium present is almost exactly the 
same as that in zeolite-P, where very low levels of conversion are observed, and the 
levels of copper in the copper exchanged samples are also similar. Sorption analyses 
indicate that if specific surface area is indicative of activity then Na zeolite-A should be 
inactive, similarly eu zeolite-A shows a specific surface area higher than that of Fe 
zeolite-A. The XRD patterns for zeolite-A materials all show well maintained 
crystallinity after ion exchange, and from studying the TG trace it would appear that the 
structure is unaffected for the entire temperature range tested for catalysis, other than 
the loss of water. The cell parameters (as shown in Table 4.4) of the ion-exchanged 
samples are shown to vary only slighdy, if at all, from the Na zeolite-A sample, 
indicating that it is not a cell size effect, as, if this were the case, all zeolite-A materials 
should show similar levels of activity. 
5.2.2 Zeolite P Materials 
The conversion of N20 by zeolite-P materials is shown in Figure 5.11. The 
conversion rates for all the samples increase with temperature. Fe-Zeolite P shows a 
steady increase in activity from 350·C to 600·C, where the increase in conversion is 
accelerated. For both the copper and the cobalt sample the temperature at which 
conversion begins is higher - 550·C. The curve for the copper sample is much steeper 
than either the iron or the cobalt sample, so that the activities of the iron and copper 
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samples are approximately the same at 650°C. The results for the cobalt sample suggest 
that the structure of zeolite-P is not a suitable support for a cobalt-based catalyst for 
N 20 removal. Why this should be the case is not currently understood. From these 
results it can be seen that neither electronegativity, nor ion size are the major factor in 
determining the activity of a zeolite-P material. 
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Figure 5.11 A graph showing activities of zeolite-P materials towards N20 against temperature 
It is interesting to compare the activities of the zeolite-P samples with those 
obtained using zeolite-A. Both zeolites have the theoretical maximum loading of Al in 
the structure, leading to the maximum ion-exchange capacity - hence if the amount of 
the catalytic ion present in the structure is the only factor to determine the activity of 
the sample, the activities would be very similar. It is therefore interesting to note that 
none of the zeolite-P samples show 100% conversion of N20, even at 650°C. Both the 
copper and iron exchanged zeolite-P samples show 90% activity at this temperature, 
which contrasts with the results for zeolite-A shown in Figure 5.10, where the iron and 
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the cobalt-exchanged samples showed relatively high activity, but the copper-exchanged 
sample showed very little activity. 
Comparison of the results for the copper and cobalt exchanged samples is 
particularly interesting as the amount of active metal per gram of sample is essentially 
the same in both materials. As the activity of the samples are so different, it is sensible 
to believe that the structure influences the activity of the metal centre, possibly by 
affecting the local coordination of the centre. It has been suggested that the optimal 
activity of a sample can only be obtained if total ion exchange has taken place. The 
relative activities of the cobal~ A and P samples would seem to support this hypothesis, 
as Co-P contains 50% more sodium than Co-A. However it is not possible to support 
or refute this theory with the copper samples, as both showed complete exchange. Why 
the structure of zeolite-P should benefit the activity of copper samples and not cobalt 
samples, and vice versa for zeolite-A, is unknown at this time. 
The iron samples on the other hand show similar levels of activity but the 
loading of iron in the two samples is very different. The loading of iron within Fe 
zeolite-P is roughly one tenth that of the loading in Fe-zeolite-A. This suggests that the 
activity of iron within the zeolite-P framework is much higher and that if more iron 
could be incorporated into the structure the activity should increase significantly. Due to 
the low loading of iron in the zeolite-P sample it is possible that the iron has been 
incorporated as Fe3+ which may be far more catalytically active towards N20 than the 
Fe2+ that is present within zeolite-A. Another possible explanation for this is that the 
iron present in zeolite-P may be present in small clusters which have a high specific 
surface area to volume ratio, whereas that present in zeolite-A may be present in large 
clumps which have a low specific surface area to volume ratio which would vastly 
reduce the activity per mole of iron. 
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The plot shown in Figure 5.12 shows the activity of Cu zeolite-P towards N20 
when helium is used as a diluent. The flow rates of both N 20 and CH4 have been kept 
constant with the previous tests (1 cm3 min" N 20 and 2 cm3 min·1 CH4), but He as been 
added to increase the total flow rate to 10 cm3min·l . On comparison with the earlier 
results presented for Cu zeolite-P (Figure 5.11) it can be seen that the activity of the 
sample does not change on addition of a diluent I increasing the flow rate. 
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Figure 5.12 A graph showing the activity of eu zeolite-P towards N20 against temperature 
(1 em3 minot N20, 2 cm3 minot CHi and 7 em3 minot He) 
The plots shown in Figure 5.13 show the activities of Fe zeolite-P and Cu 
zeolite-P towards N20. The ratio of N20 : CH4 : He has been kept constant with that 
used for the tests plotted in Figure 5.12; however the total flow rate has been halved to 
5 cm3min-1. It is interesting to note that neither of these plots appears to follow the 
trend that would be expected from the Arrhenius equation. This suggests that more data 
needs to be collected to ascertain the true trend. On comparison of these two plots it 
can be seen that the activity of Cu zeolite-P is not altered appreciably at 400·C or at 
500·C, but the activity is severely decreased at 600·C, reducing from 62% to 6% 
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indicating that there is a nurumum concentration at which Cu zeolite-P can be 
significantly active (this result was confmned by repeated runs). 
The iron-exchanged sample shows no such decrease in activity. On comparison 
with the results shown in Figure 5.11 it can be seen that introducing a diluent, and 
reducing the amount of CH4 and N20 by half does not notably affect the activity of the 
sample. This suggests that the mechanism by which Cu zeolite-P and Fe zeolite-P 
decompose N 20 is considerably different. 
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Figure 5.13 A graph showing activities of zeolite-P materials towards N20 against temperature 
(0.5 cm3 minot NzO, 1 cm3 minot CH. and 3.5 cm3 minot He) 
5.2.3 Zeolite Y Materials 
The results shown in Figure 5.14 illustrate that zeolite-Y is a good host for N20 
conversion; the iron exchanged sample shows 100% activity at SSO·C, the copper 
sample reaches 100% activity at 600·C and the cobalt sample at 650·C. Again the iron 
sample seems to show a more steady increase in activity with temperature compared to 
the cobalt and copper samples, which again have lower activities than the iron sample. 
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These results show that neither ion-size, nor electronegativity are the major factor in 
determining the activity of a zeolite-Y sample. The relative activities of the three 
samples disagree with those presented by Mauvezin 14 et aI., which suggest that iron and 
cobalt-exchanged faujasites show similar activities towards nitrous oxide, and are both 
slightly more active than the copper-exchanged material. This disparity is probably due 
to differences in the reaction conditions and compositions of the materials. 
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Figure 5.14 A graph showing activities ofzeolite-Y materials towards N20 against temperatwe (1 
Due to the high activity of Fe-zeolite-Y it was selected for further testing, the 
results of which are shown in Figure 5.15. The flow rates of NzO and CH4 were both 
halved, and the total flow rate increased to 5 em3 min- I by the addition of He. It can be 
seen that the activity of Fe-zeolite-Y is decreased significantly under these conditions 
when compared with the results presented earlier (Figure 5.14). This differs with the 
results presented for zeolite-P materials under the same reaction conditions (Figure 
5.13), where the copper sample showed an appreciable reduction in activity and the iron 
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sample showed very little reduction in activity. This indicates once more that the 
structure of the host is very important in determining the activity of the sample 
l 
80 I 
70 .... 
q 60 0 
'Ej 50 
~ 40 q 
0 30 u 
~ 0 20 
10 
0 ... -
400 500 600 
Temperature °c 
Figure 5.15 A graph showing the activity of Fe-zeolite-Y towards NzO against [emperarure (0.5 
5.2.4 Zeolite X Materials 
Shown in Figure 5.16 are the activities of ion-exchanged zeolite-X materials. For 
both the iron and the cobalt samples the activity increases steadily with temperature 
over the range studied. The activity of the copper sample increases steadily with 
temperature up to 550·C, where it plateaus. This plateauing behaviour was not seen with 
any other sample and the reasons for it are unclear, however repetition has shown it not 
to be due to experimental error. None of the samples show particularly high activity 
even at 650·C, with the most active, cobalt-exchanged, reaching an activity of 80% 
conversion. As in zeolite-Y materials, the activity of a zeolite-X sample cannot be 
attributed solely to the electronegativity or ionic radius of the catalytic ion. 
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Figure 5.16 A graph showing activities of zeolite-X materials towards N 20 against temperature 
These results provide an interesting companson with those for zeolite-Y 
materials, shown in Figure 5.14. It was expected that the activities of zeolite-X materials 
should be higher than zeolite-Y materials due to the higher ion exchange capacity of 
zeolite-X; as both zeolite-X and zeolite-Y have the faujasite structure. From the XRF 
results presented in Chapter 4 it can be seen that the concentration of catalytic metals in 
zeolite-X samples is indeed significantly higher than that found in zeolite-Y. However, it 
can be seen from the results presented in Table 5.4 that higher activities are seen within 
zeolite-Y hosts. The order of activity at 650·C varies within the two supports, for 
zeolite-X cobalt-exchange shows the most promising results and iron-exchange the least, 
within a zeolite-Y host this situation is reversed, with iron-exchange showing the highest 
activity. Neither case agrees with the results previously reponed 1\ although this disparity 
is believed to be due to the different reaction conditions used and compositions of the 
zeolites. 
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Table 5.4 Comparison of the activities of zeolite-X and zeoUte-Y aample, at 550"C 
Zeolite X Zeolite Y 
Copper (% Conversion) 61 81 
Cobalt (% Conversion) 15 65 
Iron (% Conversion) 20 100 
From these results it is thought that highest catalytic activity takes place within 
the sodalite cage of the faujasite structure, as in zeolite-Y cations are only exchanged 
into sites within the sodalite cages. Zeolite-X on the other hand exchanges cations onto 
sites in the larger alpha-cages!S as well as the sodalite cages. Unfortunately this does not 
explain why the activity decreases when supposedly catalytically active cations are 
introduced into the alpha-cages. It is interesting to note the differing degree of 
deactivation within the samples. The copper exchanged sample only shows a 33% 
increase in activity from X to Y whereas the activity of the iron exchanged sample 
increases fivefold when supported in Y rather than X 
This decrease in activity is thought to be due to alterations of the coordination 
around the cations in the sodalite cages. It is possible that the deactivation of zeolite-X 
occurs because of the presence of sodium ions within the cages. It is not understood 
why this may be the case, but it is the only significant difference between the two 
samples other than the amount and location of the active ions. 
It is possible that the conditions of the counterions in the <x-cages are such that 
the reverse reaction is catalysed, hence decreasing the activity of the sample. It has been 
reported!6 that N20 can be produced by NO over copper faujasite materials, however it 
was proven that copper in the sodalite cages are responsible for the production of N20 
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rather than the (X-cages as these results suggest It should be noted that the N20 was 
produced under different conditions, with different reactants present The same study 
also reported that aggregates of copper oxide within the sample contributed to N20 
production. 
A major difference between X and Yother than the ion-exchange capacity is the 
original counterions. The raw zeolite-X material is in the sodium form whereas the 
unmodified zeolite-Y is the hydrogen form. It is possible that the high levels of H+ 
present in the zeolite-y sample increase the activity of the material by leading to acid 
catalysis of the nitrous oxide. It would be possible to test this hypothesis by using a 
sodium form of zeolite-Y as the raw material, or using hydrogen exchanged zeolite-X 
material. It is interesting to note that the unexchanged zeolite-Y sample shows a slighdy 
higher activity than the unexchanged zeolite-X sample, but the activities are similar to 
the other unexchanged samples, (with the exception of the atypical Na zeolite-A). 
Another possibility is that the Na(I) within zeolite-X materials gave an alkali reaction, 
leading to deposition of an oxide impurity, which lowered the activity of the materials. 
5.2.5 Synthetic Mordenite Materials 
From the graph in Figure 5.17 it can be seen that the most active cation within 
the synthetic mordenite structure is iron. Copper; the second most active centre, shows 
approximately a 20·C lag behind the iron sample. The cobalt sample on the other hand 
shows a 150·C lag behind the iron sample. The Na sample shows negligible activity at all 
temperatures. For all materials other than the Na form, the conversion of N20 increases 
smoothly with temperature over the range studied up to 100% conversion. As with all 
zeolite materials discussed earlier it can be seen that neither ionic radius nor 
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electronegativity of an ion are the major factors in determining the activity of a metal 
ion within synthetic mordenite materials. 
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Figure 5.17 A graph showing activities of synthetic mordenite materials towards N20 against 
temperature (1 cm3 min'! NzO and 2 cm3 min-! ell.) 
Due to the high activity of these materials, synthetic mordenite samples were re-
run under slightly different conditions. The results shown in Figure 5.18 show the 
activities of the three exchanged samples with helium as a diluent. The flow of methane 
and nitrous oxide has been kept constant, but the total flow rate has been increased 
from 3 em3 min-1 to 10 em3 min-t. The addition of the diluent has not affected the 
activities of the samples at all, at 400·C only 1 % variation is seen in the conversions 
indicating the materials are genuinely highly active. 
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Figure 5.18 A graph showing activities of synthetic mordenite materials towards NzO against 
temperature (1 em3 min·t NzO, 2 em3 minot CH4 and 7 cm3 minot He) 
The results shown in Figure 5.19 were obtained using the same ratio of He : 
N 20 : CH4, but the overall flow-rate was halved (to 3.5 cm3 min-\ 0.5 em3 min-I and 1.0 
em3 min-I respectively), such that the total flow-rate was 5 cm3 min-I. This has varying 
effects on the activities of the three metal derivatives. The activity of the copper sample 
does not alter to any significant degree, whereas the iron and cobalt samples both 
decrease in activity as would be expected due to the lower concentration of reactants. 
The activity of the cobalt sample is reduced to less than half, whereas the activity of the 
iron sample is decreased by only 10%. 
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5.2.6 Natural Mordenite Materials 
From the curves in Figure 5.20 it can be seen that the activity of all samples, including 
the unmodified sample, increases steadily with temperature over the temperature range 
studied, up to 100% conversion. Again Fe is the most active metal centre, closely 
followed by copper which, as in synthetic mordenite, shows a 20·C lag behind iron. Co-
natural mordenite, on the other hand, is only very slighdy more active than the raw 
material, with the raw material showing a lag of only 10' C behind the cobalt exchanged 
sample, implying that Co shows very little activity compared to iron and copper, ,-vithin 
a mordenite framework. This is in agreement with the results found for the synthetic 
mordenite support. The raw material is believed to be active due to the high 
concentration of iron within the structure, (see Table 4.21) or due to the presence of an 
oxide coating or other impurities. As with synthetic mordenites these results show that 
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activity of an ion within a mordenite support is not solely determined by its 
electtonegativity or ionic radius. 
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Figure 5.20 A graph showing activities of natural mordenite materials towards NzO against 
temperature (1 em3 min·! NzO and 2 em3 min-I CH.) 
It is interesting to compare the activities of both the natural and synthetic 
mordenite materials. X-ray fluorescence data (fable 4.18; Table 4.21) shows that the 
Sij Al ratio in synthetic mordenite is higher than that in natural mordenite, but the 
amount of exchange cation in synthetic mordenite is nearly 6 times higher. It can be 
seen from the activities of the ion-exchanged materials as shown in Table 5.5, that this 
greater loading of cation has an effect on the activities of the samples. At 400·C the 
activities of the synthetic mordenite samples are at least twice as high as those in the 
natural mordenite materials. However, this still implies that, mole for mole, the 
exchanged cations within the natural materials are nearly three times more effective than 
those in the synthetic materials. It is probable that this greater activity, mole for mole, of 
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exchanged cation is due to the presence of other cations such as iron present in the 
natural support and/or impurity phases. 
It can be seen in Figure 5.20 that the activity of the unexchanged sample is 
relatively high. Hence a large proportion of the activity of the exchanged samples will be 
due to the cations already present within the structure. It is also possible that the 
presence of more than one cation enhances the catalytic activity of the sample, the 
activity of the sum being greater than the sum of the parts. It has previously been 
reported that this may be the caset7 · 20. 
Table 5.5 Comparison of the activities of exchanged mordeDite materlals 
Synthetic Mordenite Natural Mordenite 
Temperature ·C 400 450 SOO 400 450 500 
Fe (% Conversion) 96 100 100 48 89 100 
Co (% Conversion) 25 70 95 8 19 73 
Cu (% Conversion) 82 100 100 33 78 98 
As with the synthetic mordenite materials, the high activity of the natural 
moroenite materials led to further testing. The results shown in Figure 5.21 (run using 1 
cm:! min·t N20, 2 em3 min·t CH4 and 7 em:! min-t He) show that dilution of the gas 
stream has an inconsistent effect on the activities of the samples tested. Against 
expectation, the activity of the iron sample is increased by just over a third at 400·C. 
whereas the activity of the copper sample is decreased by approximately the same 
amount and the activity of the cobalt sample is not altered significantly. At 5OO·C no 
appreciable variation in the activity is seen for any sample. 
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Tests carried out on synthetic morderute materials under the same conditions 
showed no alteration in the activity of the materials when compared with activity under 
the standard testing conditions. Why the activity of the natural materials should be 
altered at 400°C is not currently understood, although it is believed that the presence of 
other counter-ions plays a large part. 
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Figure 5.21 A graph showing activities of natural mordenite materials towards N zO against 
temperature (1 em3 min'! NzO, 2 em3 min·t CH. and 7 cm3 min·l He) 
The results shown in Figure 5.22 are again surpnslOg; the concentrations of 
gases (He, CH4, NzO) were kept constant, while the flow-rate was halved. The activity 
of the iron sample is perhaps the most surprising, decreasing to almost a quarter the 
original value with no diluent at 400°C, with the end result that it shows almost the same 
activity as the cobalt sample. The activities of the copper and cobalt samples are, as 
expected, increased to almost double that of the original run, resulting in a change in the 
order of activity of the samples from Fe>Cu>Co to Cu>Co>Fe. No such alteration in 
the order of activity was observed with synthetic mordenite materials. 
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This difference in relative activity with different conditions suggests that the 
mechanism for nitrous oxide reduction is different with iron as the metal centre, 
whereas copper and cobalt show similar mechanisms. This is comparable with results 
found for zeolite-P materials, where there is evidence for different mechanistic pathways 
for iron and copper samples. 
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Figure 5.22 A graph showing activities ofnatwal mordenite materia1s towards N20 against 
temperature (0.5 em3 min· t N20, 1 em3 min· t CH4 and 3.5 em3 min·t He) 
As Fe natural mordenite has such high activity and is relatively cheap compared 
to other materials studied, it was selected for further investigation. Another factor to 
commend Fe mordenite materials is that they are reported to show no inhibition in the 
reaction in the presence of oxygen21 • 
Shown in Figure 5.23 are the results of a study of the activity of Fe natural 
mordenite at 450 'C over 25 hours. It can be seen that the activity of this sample 
decreases only slightly, from 93.2% to 90.0% over this time period. It is worth noting 
that the activity of the sample dropped relatively steeply over the first 10 hours to 90.8% 
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with the remaining drop of 0.8% taking place very gradually over 15 hours. The initial 
steep drop may have been due to settling of the sample in the reactor tube. This implies 
that this sample has the potential for long-term activity and is not deactivated after short 
exposure times. This study was performed with 1 em3 min-I N 20 and 2 em} min-I CH4, 
with no diluent 
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Figure 5.23 A graph showing activities of Fe natwal morderute towards N20 against time 
5.2.7 Clinoptilolite Materials 
The results shown in Figure 5.24 show that clinoptilolite is a reasonable support 
material for a nitrous oxide decomposition catalyst. For all materials a steady increase in 
activity with temperature is observed. The copper-exchanged material shows activities in 
the region of only 60% at 650·C, only a fraction higher than the activity shown by the 
raw material, suggesting that any copper within the sample has very little activity. It is 
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possible that this is due to the very low level of ion-exchange seen with this sample 
(Table 4.24). 
The iron sample, however, shows activity of 93% at 650·C. A cobalt sample was 
not tested due to the low activities of cobalt samples found throughout this study and 
the indication that this is not a very good support material (from the disappointing 
activity of the copper sample). The raw material shows some activity towards N20 and 
as with natural mordenite, this is believed to be due to the high concentration of iron 
contained within it as shown by XRF analysis in Table 4.24. 
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Figure 5.24 A graph showing activities of clinoptilolite materials towards N20 against 
temperature (1 cm3 min-I N20 and 2 cm3 min-I CR.) 
The plot in Figure 5.25 shows the activity of the iron clinoptilolite material 
towards nitrous oxide when the ratio of nitrous oxide to methane is kept constant, but 
the amount of each halved and He is added as a diluent to give a total flow rate of 5 cm) 
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minot . It can clearly be seen that, on decreasing both the total flow rate and the flow rate 
of the reactants, the activity of the sample is decreased by approximately 25%. 
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Figure 5.25 A graph showing the aetivity of Fe-elinoptilolite towards NzO agaiost temperarute 
(0.5 em3 minot NzO, 1 em3 mio-t CH4 and 3.5 em3 minot He) 
5.2.8 M41S Materials 
The results plotted in Figure 5.26 show that the activity of all samples increases 
steadily with temperature over the studied range. These results indicate that neither the 
ionic radius nor the electronegativity of a metal centre is the major factor determining a 
metals activity within a M41S support. eu is the most active metal centre for the 
reduction of N20 within a M41S framework, closely followed by iron. The activity of 
the Fe-MCM-41 sample is slightly different to that previously reported in the literature22, 
but it must be remembered that the activity of materials is very dependent upon the 
reaction conditions used. The activity of Co-MCM-41 is disappointing, with only 15% 
conversion at 650°C. This is actually less than a third of the activity of the purely 
siliceous sample (50% conversion at 650 0 q, which would appear to imply that Co 
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actually detracts from the activity of the MCM-41 support It is possible that the high 
activity of the silica sample is due to residual carbonaceous material still present on the 
surface after calcination of the template, which would have assisted the reduction of 
Comparison of the activity of the M41S materials with the zeolite-materials 
previously discussed would appear to show that having the catalytic metal incorporated 
into the framework is no more or less active than having it incorporated as an 
exchanged ion, as M41S materials show activity comparable with that of most zeolite 
materials. An iron(llI)-exchanged AI-MCM-41 sample has proved to be active for the 
reduction of N023 , it is therefore possible that ion-exchange of M41S-type materials 
either with the incorporated metal, or another catalytic ion, would lead to higher activity 
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It is interesting to note the difference between the initial results and those 
plotted in Figure 5.27 where helium is used as a diluent The flow-rates of both CH4 (2 
cm3 min·t) and N 20 (1 cm3 minot) have been kept as in the previous results, but He (l 
cm3 minot) has been added to increase the total flow rate to 10 cm3 min-I. It can be seen 
that the relative activities of the samples are altered, with Fe being more active than Cu 
under these conditions whilst the activity of Co is still much lower than the other 
samples but has increased significantly. 
The activities of both the iron and the cobalt samples have increased, but the 
activity of the copper sample has decreased The iron sample reaches 100% conversion 
at SO·C lower when helium is added to the gas stream, and the activity of the cobalt 
sample increases to ten times its original value. This is contrary to expectations, as 
increasing the concentration of a reactant normally increases the rate of reaction. Not 
only is the concentration decreased but the flow rate over the sample is increased, 
meaning that the reactants spend less time in contact with the catalyst, which would 
again lead to the expectation that the activity would decrease. 
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Figure 5.27 A graph showing activities ofM41S materials towards N 20 against temperamre 
The data plotted in Figure 5.28 show the results of testing the copper and iron 
samples under conditions with the same ratio of reactants and diluent, with the total 
flow rate reduced by half to 5 em3 min-to The relative activities of the copper and iron 
exchanged samples are once again reversed, such that copper is the more active metal 
centre. The activity of both the copper and iron samples is approximately the same 
under these conditions as under the original undiluted stream. When compared with the 
data obtained with double the total flow rate, these results show that increasing the flow 
rate decreases the activity of the copper sample but increases the activity of the iron 
sample significantly. The disparity between these two results is, as with zeolite-P 
materials possibly due to a different reaction mechanism around the two metal centres. 
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Figure 5.28 A graph showing activities ofM41S materials towards N 20 against temperature (0.5 
5.3 Overview of N 20 Catalysis 
From the plots shown in Figure 5.29 Activities of iron-exchanged samples 
towards N20it can be seen that with Fe as the exchanged cation the activities at 650·C 
decrease in the order: 
Mordenite Synthetic> Mordenite Natural> Y> A> MCM>Clinoptilolite> P> X. 
In contrast, as can be observed in Figure 5.30, with Co as the exchanged cation the 
activities at 650·C decrease in the following order: 
Mordenite Synthetic >Mordenite Natural>Y>X>A>P>MCM 
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With Cu as the exchanged cation (Figure 5.31) the activities at 650·C decrease in the 
order: 
Mordenite Synthetic> Mordenite Natural> Y> MCM> P> X>Clinoptilolite> A 
It is interesting to note that in all the above trends synthetic mordenite is the 
support for the most active material, closely followed by natural mordenite. Zeolite Y is 
always the next most active material, but after Y the order is dependent on the metal 
centre in question. The fact that A is the fourth most active material tested with Fe as 
the exchanged cation (whereas with Cu as the exchanged cation it is the least active) is 
very interesting and suggests that the mechanism of reaction is different using the 
different metal centres. 
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Figure 5.29 Activities of iron-exchanged samples towards N20 against temperature (1 cmJ min·1 
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It is obvious that the choice of support is very important, but the variations in 
order of activity of metal centres within the same support, and variation of preferred 
support for a given metal (ie zeolite-A not always better than zeolite-P) suggest that 
there are many other factors upon which activity of a sample is dependent. In an effort 
to determine these other factors the following comparisons have been made. 
One of the factors thought to be important in determining the activity of a 
material is the amount of catalytic ion present26• From the graph shown in Figure 5.32 it 
can be seen that there is no correlation between the amount of copper incorporated into 
the material and the conversion of N 20 at 550°C. If there is a trend, it appears to be that 
lower concentrations of copper are more active. However if this were taken to its logical 
conclusion it would imply that the unexchanged samples would be most active, and 
results show this is not the case. It is possible that this trend is observed because all 
copper in materials with low copper content is present as isolated ions, rather than some 
being present as surface depositions of CuO, however only zeolite-A and zeolite-P show 
evidence for surface deposition. Clinoptilolite, however, shows a very low concentration 
of copper and a correspondingly low activity. For Cu-MCM-22 it has been shown that 
increasing the copper loading increases the activity towards N 2024• 
A comparison of zeolites X and Y is interesting because both have the same 
framework structure (faujasite) and zeolite-X incorporates approximately four times 
more copper into the structure. but zeolite-Y shows an approximately 20% increase in 
activity. Hence it can not be concluded that simply increasing the loading of the active 
metal into the zeolite framework will show a corresponding increase in activity. This 
assumption does not allow for variations in the local geometry around active cations. 
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Figure 5.32 A plot showing variations in activity towards N20 (1 cm3 min·t N20 and 2 cm3 minot 
C~) at 550·C with copper incorporation 
It can be seen from the graph shown in Figure 5.33 that the incorporation of 
iron into the sample does not give a linear correlation with the activity towards N20 at 
550°C. This agrees with the results presented in Figure 5.32 for copper-exchanged 
samples. Once again a comparison between zeolites X and Y shows that increasing the 
amount of catalytic ion within the material will not necessarily lead to an increase in 
activity; zeolite-X shows a conversion of 20%, whereas zeolite-Y shows a conversion of 
100% when zeolite-X contains over twice as much iron incorporated into the sample. 
This could again be due to the presence of iron oxide particles present on the surface of 
the material, either blocking access to the pores, or simply not being present as isolated 
ions thus reducing the average activity per iron ion. 
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Figure 5.33 A plot showing variations in activity towards N20 (1 cm3 minot N20 and 2 cm3 minot 
C~) at 550'C with iron incorporation 
It has been suggested that for maximum activity 100% of the sodium needs to 
be exchanged out of the material From the plot shown in Figure 5.34, it can be seen 
that the amount of sodium present in the sample does not show a correlation with the 
activity towards N20. This plot shows only a comparison with the total mass of sodium 
per lOOg of sample; it does not take into account the ion-exchange capacity of the 
material. It also does not take into account the presence of other counter-ions, such as 
potassium that are present in the natural materials, and hydrogen that is likely to be 
present in some of the materials. 
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Figure 5.34 A graph showing variations in activity towards NzO (1 eml min-\ NzO and 2 em3 min'\ 
C~) at 550'C with sodium incorporation 
From the plot shown in Figure 5.35, it can be seen that the molar ratio of 
aluminium to iron shows no connection with the activity of iron-containing samples. 
This implies that the activity of a sample is not related to the proportion of the ion-
exchange capacity used by the active metal. This is in contrast to results presented by 
Yoshida et aes for Fe-MFI where increasing the Fel Al ratio showed a corresponding 
increase in activity. Differences are probably due to different reaction conditions. Fe-
MCM-41 is not shown on this plot as iron is not incorporated as a counter-ion, but as 
an integral part of the framework. 
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In the plot shown in Figure 5.36 a comparison is made between the activity of a 
sample towards NzO at 550°C and the ratio of iron to the total molar amount of other 
counter-ions within the material. This is important in case it is not the proportion of 
sodium still present in the material, but the presence of any counter-ions other than the 
active metal centre that deactivates the material. This plot differs to that shown In 
Figure 5.35, as some materials have shown excess cations within the structure. 
There is no obvious trend to relate activity with the proportion of iron of the 
total cation content, implying that the activity is independent of the presence of other 
counter-ions. It should, however, be remembered that in some materials hydrogen may 
be present as a counter-ion and is not detectable by XRF; these discussions do not take 
into account the proportion of hydrogen within the samples. 
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Figure 5.36 A graph showing variations in activity towards N20 (1 cm3 min-t N20 and 2 cm3 minot 
CH4) at 550' C with the Fe ; total cation ratio 
A feature that would be expected to show a trend with activity is the specific 
surface area of a material. For this reason Figure 5.37 shows the activity of samples 
towards N20 at 550"C against the BET specific surface area of the material as found in 
this study (it should be remembered that not all water will have been removed from the 
materials, thus lowering their specific surface areas) . Once again it can be seen that no 
trend is observed, implying that specific surface area is not the dominant factor in 
detennining the activity of the material. It should however be remembered that all 
materials shown above have different structures and different amounts of counter-ion 
present, it is plausible that if two otherwise identical materials with different specific 
surface areas were tested, the one with the higher specific surface area would show the 
higher activity. 
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Figure 5.37 A graph showing variations in activity toward s N20 (1 cm3 min·1 N20 and 2 cm3 min-1 
CH4) at 550'C with the BET specific surface area 
Another feature that might be expected to show a trend with activity is the total 
pore volume of the material, from the graph shown in Figure 5.38, however, it can be 
seen that no trend is observed implying that the total pore volume of a material is not 
important As with specific surface area it should be remembered that these materials 
are not identical in all respects other than pore volume; if this were the case it may be 
expected that the material with the higher pore volume would show the higher activity. 
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A factor that is thought to be an influence is that of particle size2\ however it 
can be seen from the graph shown in Figure 5.39 that for the materials used in this 
study there is no correlation between the agglomerate size and the activity of the 
materials. However it must be remembered that these materials are not identical. It 
would be expected that the larger the agglomerate size the lower the activity of the 
material. If two materials, identical in every respect but their particle size, were used it 
would be expected that the material with the smaller particle size would show higher 
activity due to the greater surface area present for reaction. 
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Figure 5.39 A graph showing variations in activity towards NzO (1 cm3 min-I NzO and 2 cm3 min-I 
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As previously discussed the hydrophilicity of a sample has a major impact on its 
catalytic activity. Shown in Figure 5.40 is a plot illustrating the lack of correlation 
between dehydration temperature of the parent material and activity towards N 20. It 
can be seen that no such correlation is evident, with the MCM-41 material and 
clinoptilolite samples, for example, both having high dehydration temperatures and 
having widely varying activities. 
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Figure 5.40 A graph showing variations in activity towards N 20 (1 cm3 minot N20 and 2 cm3 minot 
CH4) at 550'C with the dehydration temperature of the parent material 
It is possible that it is not the dehydration temperature of the material that is 
important, but its total water content. To detennine whether this is the case the plot 
shown in Figure 5.41 is presented. Once again it can clearly be seen that no trend is 
evident and the activity of the material is independent of the percent by mass of water in 
the sample. 
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The results obtained in the nitrous oxide study have shown that it is important 
to test potential N20 abatement catalysts under the conditions in which they would be 
put to use; as even a small change in the operating conditions can lead to differences in 
the order of catalyst activity. The factors influencing the activity of catalyst materials 
have been investigated and results indicate that no one factor is solely responsible for 
the activity of a sample. Comparisons between similar materials show that a simple 
increase in the amount of catalytic ion will not necessarily increase the activity of a 
material, and the structure of the support is important in determining the activity. This 
is also the first study to investigate the use of natural materials; it has shown that the 
natural material is only very slightly less active than the well defined and uniform 
synthetic material. 
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Olapter 6. Conclusions 
A range of ordered porous aluminosilicates including zeolites and mesoporous 
M41S type materials have been ion-exchanged and the products characterized These 
materials have then been tested for catalytic activity towards the abatement of two 
specific nitrogenous pollutants, hydrogen cyanide and nitrous oxide. The conclusions 
from these two studies are summarised below. 
6.1 Hydrogell Cyllllide Removal 
Tests carried out on materials for HCN destruction involved flowing a standard 
concentmtion of HCN over a small amount of material under humid conditions, the 
latter in order to simulate the effect of breath on the samples. The results presented in 
Chapter 5 show that copper(I1) is the only fea.stble metal centre for HCN destruction. 
Removal occurs via the following reaction, converting hydrogen cyanide to cyanogen. 
Cull + 2CN- -+ CuCN + 1h (CN)a 
Equation 6.1 Convenion of cyanide to c:ymOCeo 
Two hosts were tested for HCN removal, zeolite-P, and Cu-MCM-41 (where 
copper is supported in the framework rather than being present as an exchangeable 
cation). Although the activity of Cu-MCM-41 was high, the activity of eu supported in 
zeolite-P was much higher. It can therefore be concluded that zeolite-P is a much better 
support for Cu(I1) for HCN destruction. A third copper-exchanged material was tested 
for removal of HCN; copper exchanged Al-MCM-41 showed significant activity 
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towatds HCN, although this activity was much lower than the Cu-MCM-41 material. It 
is thought that combining the two methods of copper incotporation into an M41S 
material would increase the activity further, as would increasing the loading of copper 
incorporated in the M41S framework. 
Cyanogen production was a consequence for all copper materials tested, and so 
various methods to eliminate this were studied. The first involved using the favoured 
metal centre, Cr(Ill), supported within an M41S matrix. The results proved 
disappointing; Cr-MCM-41 not only proved ineffective at removing cyanogen, but also 
appeared to decrease the activity per gram relative to Cu zeolite-Po It is probable that 
this poor activity was due to the oxidation state of the chromium centre, it is believed 
that had a Cr(VI) centre been used it would have proved active. It is possible that 
incorporation of Cr into another host, possibly zeolite-P, will lead to activity towards 
cyanogen. 
The use of cobalt(II) to remove cyanogen was attempted in two ways; the first 
was using a co-exchanged Al-MCM-41 material, exchanged with both Co and Cu. 
Promising results were observed, with the lifetime of the sample being almost double 
that of a copper exchanged Al-MCM-41 material. F01lowing the success of cobalt within 
the Al-MCM-41 host as a cyanogen destructor, Co zeolite-P was placed with Cu zeolite-
P in a Jayered foanation, such that hydrogen cyanide first encountered the copper-
exchanged sample, and then the produced cyanogen encountered the copper-exchanged 
material. Promising results were observed, with Co zeolite-P initially removing 50% of 
the produced cyanogen. It is expected that using a higher loading of Co zeolite-P would 
extend the lifetime of the sample further. 
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6.2 Nitrous Oxide Removal 
Nitrous oxide studies were carried out on many materials; reaction was studied 
over the temperature range 350 - 650·C, with various flow rates of nitrous oxide, using 
methane as a reducing agent and helium as a diluent. This study shows the importance 
of testing potential N 20 abatement catalysts under conditions under which they will be 
used; it has shown that even a small change in the operating conditions leads to 
differences in the order of catalyst activity. This does not imply poor catalytic ability 
(due to change in ability) simply that the optimal catalyst should be chosen for the 
conditions to which it will be applied. 
Comparison of two support materials having the maximum possible aluminium 
loading in a zeolite (zeolites A and P) and therefore the maximum theoretical ion-
exchange capacity, shows that the strtldllre of the support material is very important. 
Copper-exchanged zeolite-A and copper zeolite-P were prepared with very similar 
loadings of copper, but showed 30% and 90% destruction activity at 650·C respectively. 
For the cobalt-exchanged samples however, Co zeolite-A shows 80% activity compared 
to only 35% activity at 650·C for Co zeolite-Po Little difference is seen in the activity of 
iron within the two supports. 
A comparison between the activities of zeolite-X and zeolite-Y materials 
provides infoanation on the importance of the ion-exchange capacity of a material. 
Both materials have the faujasite structure, but zeolite-X has a higher theoretical ion-
exchange capacity. The results presented in this study show that simply increasing the 
amount of a catalytic ion in the structure will not automatically provide a corresponding 
increase in catalytic activity. Zeolite-Y materials consistently showed higher activities 
than the zeolite-X materials despite having lower loadings of catalytic ions. For example, 
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the iron-exchanged zeolite-X material shows a loading of iron more than twice as high 
as in the exchanged zeolite-Y material and yet the activity of the zeolite-Y material is 
five times greater at 550·C. 
No previous study has investigated modified natural materials for N 20 removal. 
Two relatively common natural zeolites were tested for activity towards N 20, 
clinoptilolite and natural mordenite. The results show that both materials are active in 
the raw state, although, for both, ion-exchange enhances the activity even though levels 
of ion-exchange are low. In both cases iron exchange gives the most promising results. 
Of the two materials, iron-exchanged natural monlenit:e is by far the most active, 
showing a 100% conversion rate at 500'C compared with 93% conversion at 650'C for 
iron-exchanged clinoptilolite. 
Although previous studies have found mordenite to be a good support material, 
no study has compared the activity of natural versus synthetic mordenite materials. The 
natural material is very slip;htly less active than the synthetic after ion-exchange (Fe 
natural mordenite shows 89% activity at 450'C compared with 100% activity for Fe 
synthetic mordenite). Given the similarity in activity, and the dissimilarity in cost, it is 
suggested that natural mordenite materials be considered for industrial applications. 
This study has also shown that the long term activity of an iron-exchanged natural 
mordenite is high, again indicating suitability for industrial application. 
The activity of mesoporous (M41S type) materials compared with microporous 
(zeolite) materials shows that, although a copper-loaded M41S sample shows signi6cant 
activity towards N 20, it is less active than the highly active zeolite supports (mordenite). 
It is possible that the activity of mesoporous materials could be increased by the 
incorporation of higher loadings of active metal centres, although the Cu-MCM-41 
sample shows higher loadings than some of the copper-exchanged zeolite samples 
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tested in this study. It is possible that this lower activity per gram of copper is due to the 
location and electronic configutation of the copper within the M41 S support, as it is 
located within the pore walls rather than being present as an exchanged cation. It is 
probable that a significant amount of the copper is trapped within the walls, rather than 
being available on the surface. 
The results presented in Chapter 5 show that Np removal is a complex process, 
with many factors influencing the activity of a material. Various factors thought to 
influence the activity of a sample have been analyzed, and the results show that no one 
factor is singularly responsible for determining the activity of a material. A combination 
of factors including metal centre, support material, metal loading, presence of co-
counter-cations, specific surface area of material and particle size are all thought to 
influence the activity of the material to varying extents. 
6.3 Further Work 
This research has answered many questions, but many remain still to be 
answered Further work is needed to answer these questions, that work includes the 
following: 
• Testing other copper-exchanged zeolites for activity towatds HCN 
• Testing a Cu-MCM-41 material with a higher loading of copper and also 
incorporating exchanged copper 
• Testing other cobalt exchanged zeolites for activity towatds cyanogen 
• Testing chromium exchanged zeolites for activity towards cyanogen 
• Characterization of materials after HCN testing, to determine 
mechanism of material deactivation 
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• Testing of ion-exchanged M41S materials for N20 catalysis 
• Testing of catalytically active materials in the presence of common 
catalyst poisons such as water, oxygen and sulphur dioxide. 
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